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PREFACE 
 
 
The availability of a particle accelerator has made it possible to establish a Particle Induced 
X-ray Emission (PIXE) spectrometry activity at the ¯bo Akademi University. An ambition in 
the development work has been towards an adaption that makes use of the most unique 
features of the PIXE method and serves as a complement to the many well established wet 
chemical methods available. What we have is a set-up for external (in air) thick target PIXE 
(TTPIXE), which can be used, e.g., for the direct analyses of solid biological materials, or the 
ashes of these materials, without preceding dissolution. 
 
This thesis describes the instrumentation and methodology for the PIXE analyses of wood 
materials, and presents and discusses results obtained with the method. A chapter of general 
introduction of PIXE is followed by a chapter (2) dealing with the external thick target set-up 
and the methodology used in this thesis. In the last chapter (3) results from analyses of stem 
wood and bark are summarized and evaluated.   
 
The above division also well describes my involvement and contributions to the PIXE 
activity. I came in contact with PIXE through my training/running companion, Mr. Jan-Olof 
Lill, at the beginning of the 1990s. At this time the thick target application of PIXE was 
introduced at the Accelerator Laboratory to replace the thin target application used up to then 
for analyses of clinical samples. Problems that had to be dealt with were related to, for 
example, sample preparation and quantification of the analyses. I found the possibility to 
analyse solid biological samples, with a method that combined multi-elemental character and 
high sensitivity for many of the elements, interesting and was glad to be able to take part in 
the development work. Dr. Lill has been the main architect of the PIXE set-up and thus a 
backbone of the activity. He has been the always available source of information for us non 
physicists, and data programming and calculation work has also been mostly his table. 
Thanks for your efforts Julle!  Since the first visit to the basement of the Gadolinia building 
my physique is worse, while my knowledge in certain areas of physics has clearly improved.  
 
I further want to thank the other, former or present, members of the PIXE group: I thank the 
director of the Accelerator Laboratory, Dr. Sven-Johan Heselius, for his supportive attitude, 
and for making the final linguistic improvements to most of our manuscripts.  The many 
discussions during late nights at the Accelerator Laboratory with the gentlemen Julle, Hese, 
Leo Harju, Alf Lindroos, Johan Rajander, and others, are remembered with joy. The good 
cooperation with Johan and Mr. Stig-Göran HuldØn also made the teaching of chemistry 
enjoyable. The closest cooperation in the environmental field has been with docent Leo Harju, 
not only because he always has had a reliable car available for different kinds of field trips. 
Thanks for good coaching during the years passed! Leo and Professor Ari Ivaska made good 
suggestions and linguistic improvements during the process of completing this thesis. Aris 
patience and support is greatly appreciated. 
 
Mr. Stefan Johansson, Mr. Per-Olof Eriksson and Mr. Erkki Stenvall are thanked for their 
skilful maintenance and operation of the cyclotron. 
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 1 
1. INTRODUCTION 
 
 
1.1. A general introduction to PIXE 
 
PIXE is the acronym for Particle Induced X-ray Emission. PIXE spectrometry is based on the 
use of accelerated, charged particles. The fact that the analytical technique relies on the 
availability of a particle accelerator has limited a more widespread use of the ion beam 
technique. In practise the letter P in the acronym also could stand for proton because these are 
the particles mostly used.  
 
In PIXE analyses the material analysed is bombarded with protons that cause electrons to be 
ejected from the inner shells of sample elements. X-rays are emitted when these vacancies are 
reoccupied. This radiation can be detected and used for qualitative and quantitative analysis of 
the sample material.  
 
PIXE analysis requires the access to an energy dispersive detector to detect X-rays of 
different energies, emitted from the sample during particle irradiation.  The signals from the 
detector are amplified, converted (A/D) and stored as counts of photons in the energy 
spectrum.   
 
The counts within the peaks of an accumulated X-ray spectrum form the basis for 
quantification of the concentration of the elements. The number of characteristic photons 
detected is, however, proportional to the amount of protons the sample is irradiated with 
during the acquisition. An experimental set-up for PIXE analysis must therefore also include a 
method for measuring this charge (integrated beam current over acquisition time) if 
quantitative analysis are to be performed. 
 
Strengths of the method are the multielement character and the possibility to analyse even 
very small amounts of sample material. Elemental distributions in solid materials can be 
studied down to a level restricted by the diameter of the particle beam used. 
 
The advantage of PIXE compared to methods where electrons are used for excitation is 
related to the larger mass of the proton. The heavier proton induces more element specific X-
ray emission relative to the unspecific, continuous background radiation produced (spectral 
background in the form of bremsstrahlung). The spectral background in PIXE is mainly from 
the retardation of electrons ejected from the atoms in the target sample (secondary electron 
bremsstrahlung). Detection limits in PIXE can be up to 100 times lower than for electron 
beam techniques because in the latter, electron bremsstrahlung is the primary, projectile, 
bremsstrahlung (Johansson et al. 1995).  
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1.2. X-ray production and the PIXE spectrum 
 
1.2.1. Characteristic X-ray emission 
 
In PIXE the sample is normally bombarded with accelerated protons with a kinetic energy of 
2-3 MeV (Campbell and Cookson 1984, Maenhaut 1988). The protons create vacancies in the 
inner shells of target elements. Characteristic X-rays are emitted when these vacancies are 
filled with electrons from the outer shells, i.e. during de-excitation.  
 
Figure 1. Accelerated protons inducing X-ray emission in a target sample: a) an incoming proton ejects 
an electron from the innermost shell of an atom b) the vacancy is filled with an electron from an outer 
shell and a characteristic X-ray (K    ) is emitted. 
 
As excitations are through ejection of electrons from the inner shells, the characteristic 
radiation measured is basically independent of the chemical form of the element. If a vacancy 
is created in the innermost, K-shell (principle quantum number n = 1) and this vacancy is 
filled with an electron from the L-shell outside (n = 2) the corresponding (characteristic) 
radiation is named Kα, according to the Siegbahn notation (Johansson et al. 1995). If the 
transition is from an M- or N-shell the radiation is named Kβ. The characteristic radiation 
from a vacancy in the L-shell being filled with an electron from the outer M-shell is named 
Lα.  
 
The cross section, denoted by σ, is defined as the probability that a certain process will take 
place as the result of a collision between particles. The cross section expresses the effective 
surface a particle offers to this process (Maenhaut and Malmqvist 1992, Knoll 1979).  
 
The ionisation cross section gives the probability that a vacancy will be created in a shell of 
the atom when it encounters a charged particle of a specific energy (E). The cross section is 
dependent on the energy of the incoming particle as well as on the atomic number of the 
target element (Z). The ionisation cross section is often denoted by σ(E), or by σI(E) to be 
more clear (Maenhaut and Malmqvist 1992). 
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In PIXE analysis the excitation from the creation of a vacancy in the innermost shell (the K-
shell) is mainly utilized. The K-shell ionisation cross section is, however, rather rapidly 
declining when going to elements of higher atomic numbers (Johansson and Campbell 1988). 
For heavy elements (like, for example, lead in biological materials), L-shell ionisations, and 
the corresponding L-lines emitted, are therefore often more useful. 
 
The probability that an excited atom emits its excess energy in the form of a photon is 
expressed by the quantity fluorescence yield, denoted by   (Johansson and Johansson 1976, 
Folkmann et al. 1974). This probability is dependent on the atomic number of the element, 
and for K-lines it increases especially rapidly for atomic numbers Z > 10 (p. 11 in Johansson 
et al.1995). The probability of fluorescence is close to 1 for heavy elements. For light 
elements, on the other hand, the probability is only a few per cent (Johansson et al. 1995). 
 
The probability of a certain characteristic X-ray being emitted when a proton encounters an 
element in the target material is named X-ray production cross section, and is denoted by 
σx(E) (Maenhaut and  Malmqvist 1992). The X-ray production cross section for a K-line can, 
thus, be given as σI(E).  .bα, where the factor b represents the probability that the emitted 
radiation is, in this case, K  . The X-ray production cross section thus varies with the energy of 
the protons. 
 
Although lighter elements generally have higher ionisation cross sections the detection limits 
are higher for these elements. This is partially related to the fact that the fluorescent yield is 
lower for a lighter element (Johansson and Johansson 1976), and partially to the fact that the 
energy of the emitted photons decreases with the atomic number (Z) of the element. X-ray 
emission of lower energy is more strongly attenuated in the sample, in a detector window, or 
in any other absorber. 
 
 
1.2.2. Bremsstrahlung and other components of the spectral background 
 
When the speed or direction of an electrical charge in motion is altered, electromagnetic 
radiation is emitted (Knoll 1979). Retardation of charged particles in a material thus gives rise 
to a continuous, unspecific radiation (bremsstrahlung). Continuous radiation is emitted in 
PIXE when the incoming protons are retarded (primary bremsstrahlung). Most of the 
background radiation is, however, from ejected electrons in the target sample (secondary 
electron bremsstrahlung). A normal PIXE-spectrum consists basically of characteristic peaks 
residing on this continuous background.  
 
The number of characteristic X-rays relative to the background, at the energy in question in 
the spectrum, is crucial for the detectability of the element emitting the characteristic 
radiation. This is also the reason why detection limits for electron probe techniques are 
generally much higher than for PIXE. The intensity of the bremsstrahlung is also higher, 
relative to the characteristic emission, if the matrix consists of heavier elements (Maenhaut 
and Malmqvist 1992), and this renders higher detection limits (Maenhaut 1988).  
 
For energies < 3 keV in the PIXE spectrum the number of detected X-rays decreases sharply 
due to absorption in the sample itself, in the gas atmosphere between sample and detector, in 
the detector window or in any other external absorber (Szökefalvi-Nagy et al. 1999). A typical 
spectrum obtained in PIXE analysis performed at Åbo Akademi University is shown in Fig. 2.  
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The ionisation cross section is a fundamental parameter, considering the yields of 
characteristic X-rays, which value increases with increasing proton energies (Maenhaut and 
Malmqvist 1992). However, for higher proton energies bremsstrahlung is also extended to 
higher energies. Contributions from gamma-ray and neutron background (Teesdale et al. 
1988, Räisänen 1987) also increase, and for proton energies > 3 MeV they can constitute the 
dominating component of the background in the higher energy region (> 10 keV) of the 
PIXE-spectrum (Johansson and Campbell 1988, Räisänen 1987).  
 
If a majority of the characteristic X-rays registered are from a few dominating lighter 
elements, the low-energy X-rays can occupy most of the counting capacity of the detection 
system. In such a case it can be favourable to use an absorber for these softer X-rays, to 
increase the sensitivity for heavier elements (Johansson and Johansson 1976). 
 
 
 
 
Figure 2. A PIXE-spectrum accumulated during irradiation of a thick sample of dry ashed wood material 
with 3 MeV protons (Wood Fuel, reference material NJV 94-5 from the Swedish University of 
Agricultural Sciences, Umeå, Sweden). A total charge of 1.7 µC was deposited during 10 minutes 
(beam current 2.8 nA, current density ca. 360 nA/cm2). Characteristic emission lines are marked with 
the chemical symbol of the emitting element, together with the designation for the line.  
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1.3. Target samples in PIXE  – thin or thick or something in between? 
 
The PIXE technique can be divided into two main categories, based on the thickness of the 
irradiated sample target, as illustrated in Fig. 3. In thin target PIXE (Fig. 3a) the retardation of 
protons within the sample is assumed to be insignificant and the yield from an element is fully 
based on the ionisation cross section at the energy E0, i.e. the energy of the proton at the target 
surface. A general upper limit of 1 mg sample material per cm2 target surface, has been given 
for targets that can be considered as thin targets, (Johansson and Johansson 1976, Johansson 
and Campbell 1988). For a target consisting of 0.5 g of bovine liver per cm2 of target surface, 
the matrix effects from retardation of protons and attenuation of induced X-rays have been 
found to be 3-5 % for elements K – Sn (Maenhaut and Malmqvist 1992), when 2.4 MeV 
protons are used. 
 
In the second category, thick target PIXE (TTPIXE), the sample target is thick enough to fully 
stop the particles, and ionisation cross sections decrease as the energy goes from E0 to 0 for 
the protons entering the sample material (Fig. 3b). 
 
Protons 
 
 
 
 
 
 
 
 
 
 
Figure 3. Illustration of: a) thin target PIXE, where protons pass through the sample material loosing 
only an insignificant part of their kinetic energy, and b) thick target PIXE, where the protons are fully 
stopped, i.e. lose all their kinetic energy. 
 
 
1.3.1. Preparation of thin and thick target samples 
 
Sample material rather seldom exists in a form that represents a thin target (Johansson et al. 
1995). A field in which the thin target technique has been largely applied, is as standard 
method for analysing particulate material in air (aerosols), where thin layers of particles are 
collected on filters or foils (p. 237 in Johansson et al. 1995). 
 
Liquid samples can be analysed as thin targets by depositing the solution on a thin foil and 
evaporating to dryness. Wet-chemical dissolution would thus be a way to prepare solid 
biological materials to thin targets for PIXE analyses. This pre-treatment procedure would, 
however, make PIXE compete with a large number of well established, and easily available, 
instrumental methods for analyses of liquid samples. Johansson and Campbell (1988) pointed 
a) b) photons towards  
the 
detector 
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out that crystallisations give rise to locally thick segments in this kind of targets. It has also 
been concluded that target samples prepared by dissolution and pipetting cannot generally be 
considered thin, with negligible matrix effects (Pallon and Malmqvist 1981).  
 
As small an amount as 15.4 mg of starch, equally distributed over an area of 1 cm2, is enough 
to fully stop 3 MeV protons (see section 2.2.1).  The amount of sample limiting preparation of 
thick samples thus mostly comes down to the question of what amount can be handled 
properly. Sample target preparation should end up with a flat surface of sample material 
facing the proton beam. Solid biological samples can, for example, be cut, or milled and 
pressed to pellets. The 3 MeV protons in a beam with a diameter of 1 mm pass through a 
maximum of about 0.2 mg of biological material (compare table 1 on page 16)). The majority 
of the X-rays reaching the detector are from an even much smaller amount of sample. If bulk 
analyses are to be performed, great attention should thus be paid to the homogeneity of the 
sample material from which a thick target is prepared 
 
 
1.3.2. Yields of characteristic X-rays from absolutely thin targets 
 
Irradiation with accelerated protons induces emission of characteristic X-rays from elements 
present in the target sample. The yield is the number of X-rays of a certain energy registered 
during irradiation of the sample (Johansson et al. 1995), which form the peak area at the 
characteristic photon energy in the X-ray spectrum. The yield is denoted by Y, and is 
dependent on a number of variables which for a Kα-line from an ideally thin sample can be 
summarised in equation (1): 
 
( )
Z
AvZZZ0
I
ZZp
M
NbE
A
mN
)Z(Y
ααεωσ
=   (1) 
 
The detected emission is from the element with atomic number Z, and  
 
• Np = the total number of protons on the target sample.  
• A = the area of irradiated/penetrated surface. 
• mZ = the absolute mass of the element in the irradiated/penetrated volume of sample. For a 
uniformly thick surface this volume = A× thickness. 
• )( 0E
I
Zσ = the K-shell ionisation cross section of the element when the proton energy 
is 0E . 
• ωZ = the fluorescence yield for the element. 
• 
α
Zb  = the proportion of K-radiation that is emitted as K  . 
• 
αε Z  = the total (absolute) detector efficiency for the emitted radiation, which is dependent 
on the measuring geometry, the intrinsic efficiency of the detector, absorbers (for example 
the detector window and other external absorbers and possible absorption of low energy 
X-rays in air between sample and detector). 
• NAv = Avogadro’s number 
• MZ = the molar mass of the element 
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An element specific constant, kZ, independent of the proton energy and including the total 
detector efficiency (i.e. it takes the set-up used into consideration), can be extracted from the 
above equation (1) as. 
 
Z
AvZZZ
Z M
Nbk
αα εω
=          (2) 
Since the mass per unit area can be written as:
A
md ZXZ =ρ , where Zρ  is the density (i.e. the 
mass of this element per volume of sample), and Xd  the thickness of the target sample, the 
expression for the yield can be written as:  
 
( ) XZIZpZ dENkY ρσ 0=            (3) 
 
 
For a specific set-up (i.e. a certain detector, a constant geometry and beam cross section etc) 
and a specific proton energy the amount of characteristic x-rays from an element in an 
perfectly thin target sample is dependent only on the total charge deposited ( pN )  and the 
amount of the element in the penetrated target layer.  
 
 
1.3.3. Yields from targets that are not absolutely thin 
 
The amount of characteristic X-ray induced, per deposited charge, is larger in a thicker target 
sample. For any target sample that is not perfectly thin, however, the type of matrix will affect 
the yield. When, for example, analyses of thick biological materials are performed, retardation 
of the protons, which leads to smaller ionisation cross sections, as well as attenuation of the 
X-rays from deeper within the target sample, will occur (Maenhaut 1987).  
 
 
1.3.3.1. Retardation of protons 
 
When a proton hits a sample it will lose kinetic energy mainly by coulomb interaction with 
bound electrons (Maenhaut and Malmqvist 1992). The stopping power represents the loss of 
energy per length unit in a material of a certain density, and is denoted by S: 
  
S(E) =
dx
dE
⋅
ρ
1     (4) 
 
This quantity, specific for a certain material, depends on the energy of the protons. The loss of 
energy increases exponentially with decreasing proton energy. The unit of the energy loss is 
usually given as keV/(mg/cm2). Compilations of S(E)-values for different substances at 
different particle energies are available (Ziegler et al. 1985). 
  
The range (x) for protons of the initial energy E 0  can be calculated according to equation (5) 
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
⋅
=
0
)(Eo ES
dE
x
ρ
    (5) 
 
The stopping power for chemical compounds and mixtures is assumed to be a concentration 
weighed sum of contributions from the elements present (Maenhaut and Malmqvist 1992), as 
expressed by equation (6): 
 
=
i
iic ESwS )(         (6) 
 
where wi denotes the mass fraction of the i:th element.  
 
 
1.3.3.2. Attenuation of X-rays 
 
The attenuation of specific photon energy, induced within a sample, depends on the 
composition and the density of the sample as well as the distance to the sample surface.  
 
A monoenergetic photon beam of intensity I0, passing through an absorbing material, will lose 
intensity according to equation (7): 
 
I(x) =I0 xe µ−      (7) 
 
Here µ stands for the linear absorption coefficient, which could be explained as the 
probability for a photon to be lost from the photon beam after travelling a length unit in the 
material. The value of µ is higher for less energetic photons, which means that X-rays emitted 
from lighter elements are more strongly attenuated.  
 
The intensity (I) of the X-ray emission out of the sample is proportional to the intensity (I0) of 
the radiation at the point where it was induced, and decreases exponentially with the distance 
(x) travelled in the material. The ratio I(x)/I0 is called transmission (T). The distance x to the 
surface, for induced X-ray emission of decreasing intensity down in deeper layers of the non-
thin target, depends on the sample matrix and the measuring geometry of the experimental 
set-up. The transmission factor (Johansson et al. 1995) suffered by X-rays emitted towards the 
detector from a point within the sample, defined by the energy (E) of the protons, is given in 
equation 8. 
 


 
	
 


 
−=  )
)(
sin/cos)/((exp)(
0
,
E
E M
MZ ES
dEET αρµ   (8) 
 
Here (  /  )Z,M stands for the concentration weighted sum of attenuation coefficients of the 
matrix elements, experienced by emission from the analysed element (Z). The geometry is 
described by the angle between the particle beam and the normal to the sample surface (  ), 
and the angle between the X-rays towards the detector and the sample surface (  )  
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1.3.3.3. Yields of characteristic X-rays from thick target samples 
 
The yield for an element from a thick target is determined by the number of characteristic X-
rays, induced down the stopping range of the protons, that reaches the surface of the sample in 
direction towards the detector. X-ray emission is induced with decreasing efficiency as 
protons are slowed down. 
 
The expression for the yield from an absolute thin sample, given in equation (3), can be used 
as a basis for expressing the yield (dY) from an arbitrary, thin layer (dx) within a thick 
sample. Here the layer is assumed so thin that the energy of the protons (E) remains the same 
throughout 
 
( ) dx)E(TENk)Z(dY ZIZpZ ρσ=       (9) 
 
The transmission factor T(E) in equation (9) gives the portion of X-rays induced reaching the 
sample surface in the direction towards the detector from this layer.  
 
By substituting dx, the thickness of the layer, with an expression obtained from equation (4),  
 
dx = 
)(
1
ES
dE
⋅
ρ
 
 
and after indexing with ”M” to indicate that the density and the stopping power is for the 
sample matrix, we obtain equation (10): 
  
( )
)(
)()(
ES
dEETENkZdY
MM
Z
I
ZpZ ρ
ρσ=         (10) 
 
The ratio ρZ / ρM in equation (10) can be replaced by the concentration of the element in 
question, C(Z). Integration of the obtained expression from the incident proton energy E0 to 0 
(protons completely stopped) gives equation (11):  
 
=
0 I
Z
0
)(
)()()()(
E M
pZ ES
ETEZCNkZY dE          (11) 
 
Here the yield, Y(Z), is the total number of the characteristic X-rays that are registered by the 
detection system. The yield is directly proportional to the concentration of the element and the 
number of particles incident on the target sample (Np).  
 
The relative contributions to the yield, from different depths in the thick sample, are 
dependent on the matrix effects and the geometry of the set-up. The matrix effects are 
considered by the integral in equation (11). A decreasing energy of the protons, means a lower 
ionisation cross section (σI), and thus also a proportionally lower X-ray production cross 
section for the analysed element. This, and the increased attenuation, of especially softer X-
rays, will lead to lesser contributions from the deeper layers.   
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1.4. Internal or external PIXE – vacuum or gas atmosphere 
 
PIXE analysis is often performed with the target sample placed in a vacuum chamber. An 
application where the chamber is connected to the accelerator vacuum is named internal 
PIXE. Vacuum is crucial in the so called micro-PIXE, where the proton beam is collimated 
down to 1 µm diameter and defocusing by scattering on gas molecules has to be avoided 
(Johansson et al. 1995).  
 
The particle beam can also be extracted from the accelerator vacuum into a gas atmosphere 
through an extraction foil. Different from electron beam techniques a possible application of 
PIXE is to place the sample in air at normal pressure – i.e. to extract the proton beam into 
open air (Johansson and Campbell 1988). This application has been named external PIXE. 
 
In a vacuum, the protons are not interacting with gas molecules. A contribution to spectral 
background from, e.g., air (Williams 1984, Doyle et al. 1991), as well as absorption of soft X-
rays from the sample towards the detector, can thus be avoided (Williams 1984), 
 
When organic materials are irradiated in a vacuum, two unwanted events occur: heating and 
charging of the sample (Clayton 1987). Historical pieces of art, paintings or manuscripts 
cannot, or should not, be analysed in a vacuum chamber (Wagner and Neelmeijer 1995). The 
cooling effect of gas molecules is lacking in vacuum. Low pressure over the sample also 
promotes volatilization of components during irradiation (Doyle et al. 1991). Biological 
samples therefore tend to lose volatile elements (Johansson and Campbell 1988).  
 
When non-conducting samples, like biological materials, are irradiated in vacuum, charging 
occurs that has to be considered. The charging is especially pronounced when the sample is 
thick (Goclowski et al. 1983). Periodical discharging will occur, which adds electron 
bremsstrahlung to the spectral background (Teesdale et al. 1988, Goclowski et al. 1983). This 
extra bremsstrahlung from retardation of electrons accelerated in the discharge can reach over 
a large spectral interval and can become the main component of the background (Goclowski 
et al. 1983). Charging of a sample also causes variations in Coulomb force retarding the 
incoming protons. The energy of the protons reaching the sample surface will thus vary, 
which will affect the analytical result.  
 
In external PIXE, ionized gas molecules in the beam path eliminate charge accumulation, 
thereby increasing the signal-to-back-ground ratio (Williams 1984, Goclowski et al. 1983).  
 
Soft (low energy) X-rays are absorbed in air between the sample and the detector (Räisänen 
1992, Williams 1984, Mando 1994), and the detector should therefore be placed close to the 
sample. This tight geometry is also a prerequisite for a large solid angle and high detection 
efficiency. Absorption of low energy X-rays is less in the case of a helium atmosphere. In this 
application a special chamber is, however, needed, limiting the flexibility for handling 
different type of samples (Williams 1984) 
 
Katsanos and co-workers (Katsanos et al. 1976, Katsanos and Hadjiantonou 1978) analysed 
thick biological samples both in vacuum and in air. They concluded external PIXE to be 
better for elements with atomic numbers greater than 14 (Z > 14), at otherwise similar 
conditions. It was, however, stated that internal (vacuum) PIXE is the best method for lighter 
elements (Katsanos et al. 1976).  
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1.5. Measurement of the number of particles incident on the target sample 
 
The area of a characteristic peak in an X-ray spectrum is proportional to the concentration of 
the element in the specific target sample and the number of protons deposited. The particle 
beam current is the number of (e.g., 3 MeV) protons that hit the surface of the sample per unit 
of time.  If this beam current is integrated over the acquisition time the charge registered is the 
measure of the number of protons deposited. The number of protons incident on the sample 
has to be measured in all applications of quantitative PIXE analyses. When the number of 
counts in a peak area is divided by the measured number of protons a normalised peak area is 
obtained. This peak area is directly proportional to the concentration of the specific element in 
the sample in question.  
 
 If the target is thin, the measurement of beam current can be performed by placing a 
conducting material to stop the protons behind the target. A current proportional to the proton 
beam current can thus be registered. By integrating this current over the time of irradiation, a 
measure of the total number of protons on the target is obtained. If the irradiation is performed 
in air this measurement is complicated by the ionisation of gas molecules (Johansson et al. 
1995, Mando 1994).  
 
In PIXE analysis of thick conducting samples, corresponding, direct measurements have been 
made on the sample. Thin layers of carbon have been evaporated on samples of non-
conducting materials to enable this measurement.  Measurements of the beam current have 
also been performed on the extraction foil between the accelerator vacuum and the outer 
atmosphere.  Another method used, in analysis of thick non-conducting samples, is to place a 
rotating chopper in the beam path and use the X-ray emission from, e.g., nickel plating on the 
wing as a measure of the beam intensity (Mando 1994). The methods used for beam current 
measurement in thick target PIXE have generally been found to be more unreliable (Maenhaut 
1987). 
 
If you want to analyse non-conducting thick samples, without placing them in a vacuum 
chamber, the measurement of beam current becomes quite complicated (Mando 1994). To 
maintain flexibility in PIXE, it is desirable to be able to measure the beam current in a reliable 
manner that does not depend on the type of sample or any other external factors. The system 
used for proton beam intensity measurements in the external thick target PIXE analyses at 
Åbo Akademi is reviewed in chapter 2.   
11
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2. EXPERIMENTAL  
 
The availability of a particle accelerator (a MGC-20 cyclotron) has made it possible to 
establish a Particle Induced X-ray Emission (PIXE) spectrometry activity at the ¯bo Akademi 
University.  A general aim in the development work has been to make use of the unique 
features and possibilities of the PIXE technique as a complement to the large number of well 
established, wet-chemical analytical methods that are available today. In the following, the 
equipment, and the methods, used in the PIXE analysis of wood materials are described more 
in detail. What we have is a set-up for external (in air) thick target PIXE (TTPIXE) which can 
be used for direct analyses of solid biological materials, or the ashes of these materials, 
without preceding dissolution. 
 
 
2.1. The experimental set-up at Åbo Akademi University 
 
2.1.1. The proton beam 
 
The MGC-20 cyclotron at ¯bo Akademi University is applied for production of the proton 
beam used in the analyses. +2H -ions are accelerated to a kinetic energy of 6.4 MeV 
(Dahlbacka and Lindblom 1979) and extracted into the external air through a 7.5 µm 
Kaptonfi, polyimide (C22H10O5N2) foil supported by a graphite collimator with an aperture of 
1 mm (supporting paper 2). At the impact on the foil separating vacuum and external air, the 
+
2H -ions are immediately dissociated into two 3.2 MeV protons. The energy loss in the foil 
and the air gap (8 mm) between the foil and the target surface is about 0.2 MeV The particle 
beam incident on the surface of the target sample is thus a 3 MeV proton beam with a 
diameter of 1 mm (papers I-VI).  The proton beam forms an angle of 45° with the target 
surface.  
 
A typical proton beam current used in analysis of thick biological samples is of around 7 nA. 
A total charge of about 4 µC is thus deposited in the sample during 10 minutes of irradiation. 
The corresponding beam density of the proton beam is 900 nA/cm2. In analysis of ashes 
sufficient counting statistics is obtained using a lower beam current.   
 
 
2.1.2. Measurement of the proton beam intensity and normalisation of spectra 
 
Solin et al. (1988) developed a device for measuring particle beam intensities in PIXE 
analyses carried out in vacuum. The device consisted of a small, thin-windowed gas cell 
through which the particle beam passed before hitting the sample in the irradiation position. 
Light emission from high purity gas was found proportional to the intensity of the particle 
beam.  
 
In the present PIXE set-up at ¯bo Akademi University (papers I-VI), the air in the beam path 
between the target and the foil separating the beam-line vacuum from the laboratory 
atmosphere is used as the source of light emission (supporting paper 2). Light induced by the  
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proton beam is detected with a photo multiplicator (PM) tube. The intensity of the light 
emitted from the air gap (mainly from molecular band transitions of nitrogen, N2) is 
proportional to the intensity of the proton beam. When the current from the PM-tube is 
integrated over the data acquisition time, an indirect measure of the amount of charge 
reaching the sample surface is obtained. In quantitative analysis, the areas of element peaks in 
the corresponding spectrum are divided with this integrated charge from the PM-tube (QPM). 
This method used for normalisation of yields (papers I-VI) is independent of the sample, and 
problems related to the ionisation of air, experienced when direct measurements of charge are 
applied, can be avoided.  
 
Lill (1999a) performed measurements where he obtained a ratio of 210 between the integrated 
current from the PM-tube and the integrated current from a faraday-cup placed in the sample 
position. The absolute amount of charge on a sample can be calculated from the integrated 
charge from the PM-tube using this quotient. 
 
 
 
 
Figure 4. The author is placing a target sample (the pellet in the frame) in position for irradiation.  The 
collimated proton beam is extracted out of the cyclotron vacuum through the beam exit window seen 
close to the right behind the pellet. The X-ray detector is seen on the left (black exterior, detector 
window behind finger tips). The PM-tube (top) detects light, induced by protons in the air gap between 
the beam exit window and the surface of the sample during irradiation. 
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2.1.3. X-ray detection and spectrum analysis 
 
A maximizing of the detector collection efficiency is achieved by having the maximum 
possible solid angle of detection (Johansson et al. 1995), by placing the detector as close to 
the target sample as possible. In the present set-up a so called IGP detector (Intrinsic 
Germanium Planar, from Princeton Gamma-Tech), is used. The detector window (25 µm 
beryllium) is positioned 38 mm from the irradiated sample surface. The detector and the 
particle beam form an angle of 90°. Compared to the often used Si(Li) detector, the 
germanium detector is more sensitive for detection of photons of higher energies (from 
heavier elements). Even the detection of gamma radiation from a nuclear reaction by the 
fluorine isotope  19F, with the emission line at 109.89 keV, is possible. However, in the low-
energy region (< 2 keV) the sensitivity of the IGP detector, with its 25   m thick beryllium 
window, decreases more rapidly (Lill 1999b).  
 
Nowadays there exists a variety of software for spectrum fitting and handling of the data 
(Johansson et al. 1995). Peak areas representing characteristic emission from elements in the 
sample are separated from the spectral background and quantified. The quantitative measure 
of a peak area is the total number of events registered (counts) in the consecutive channels 
forming a peak in the spectrum. The computer program SAMPO90 (MicroSAMPO version) 
(Aarnio et al. 1988) was mainly used in earlier work (papers I-IV), but in later work (paper 
V) GUPIX software (Maxwell et al. 1989) has been used.  
 
 
2.1.4. The X-ray absorber 
 
Spectral background, i.e. continuous and unspecific X-ray emission, is mainly bremsstrahlung 
which is dominating at lower energies in a PIXE spectrum. Without any other absorbing 
materials than the 25 µm thick beryllium window of the detector between the sample and the 
detector crystal, the clearly highest yields for elements in wood materials are also seen in this 
energy region of the spectrum (potassium with the Kα line at 3.35 keV, and calcium with the 
K   line at 4.05 keV).  
 
The concentrations of potassium and calcium are generally so high that they can properly be 
detected even with an additional discrimination of the spectral region where their 
characteristic emission lines appear (Pallon and Malmqvist 1981).  This is especially relevant 
for ashes of wood materials. By this action, better statistics can be obtained for some heavier 
elements (metals) appearing at trace element levels. 
 
In the attached papers II-VI, a so called "funny filter", a 3 mm thick polycarbonate absorber 
with a pin-hole, is used. The polycarbonate suppresses radiation in the lower energy region of 
the spectrum. The drilled hole (0.5 mm diameter) in the filter allows a part of the X-rays 
emitted towards the detector to reach the detector crystal without encountering absorbing 
polycarbonate. The funny filter thus allows a more efficient detection of some interesting, 
heavier, trace elements together with lighter elements of high concentrations, when only one 
detector is used.   
 
Soft X-rays that are not originating from the irradiated spot of the sample are efficiently 
absorbed by the funny filter.  
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2.2. Preparation of wood samples for PIXE analysis  
 
All stem wood and bark samples studied were prepared to thick target samples for PIXE 
analysis. In TTPIXE analyses a flat surface of the target sample should face the particle beam 
(Campbell and Cookson 1984). All target surfaces should be placed in exactly the same 
position so that a reproducible geometry (particle beam – target – detector) is maintained. 
 
Samples of powdered material (certified biological reference materials, ashes etc) were 
prepared to pellets using a pelleting device. In order to maintain the standard geometry the 
pellets were prepared according to a standardised method (papers I-VI), presented more in 
detail in section 2.2.2. 
 
 
2.2.1. Amount of material in a ”thick” target 
 
A study on the distances the 3 MeV protons travel in some prepared target materials is 
presented in this section. Weighed amounts of the 4 materials listed below were placed in the 
pelleting device (13 mm diameter) and 4 tons was applied on the piston. The pressure used is 
the same as in the final step in the normal preparation of target pellets (section 2.2.2.). The 
thicknesses of the obtained pellets were measured and the densities were calculated.  
 
The computer program TRIM95 (Ziegler, Ziegler et al. 1985) can be used for the calculation 
of ranges travelled by protons of different energies in materials of different composition. The 
atomic-% of 1-5 main elements of the matrix, as well as the density of the material, are read 
into the program.  
 
The materials studied were: 
 
1. Graphite powder (Powdered Graphite, briquetting grade 74 µm, Chemplex Industries Inc. 
U.S.A.), 100% carbon.  
2. Starch, (C6H10O5)n, (p.a. from Merck) , atomic percentages: 28.6 % C, 47.6 % H and 23.8 
% O 
3. Wood Fuel Reference Material, NJV 94-5, from Swedish University of Agricultural 
Sciences, Umeå, Sweden. Information values for C and H are 51 and 6.04 weight-% 
respectively (all expressed on dry matter basis). The rest of the matrix was assumed to be 
O (the certified value for the ash content was 1.22 %) and the atomic percentages 
calculated were C: H: O = 32.8 : 46.5 : 20.7. 
4. Ashes of pine wood. Pine wood was dry ashed at 550°C. The main ash forming elements 
are potassium and calcium, and these, together with oxygen, constitute the bulk of the ash 
residue. As the program TRIM95 accepts atomic percentages for 5 elements, values for P 
and Mg, obtained from own analyses (supporting paper 10), were also included. Weight 
percentages for K (20 %), Ca (23 %), P (2 %), Mg (4 %) and O (51 %, assumed to 
constitute the rest of the mass) were used in calculations of atomic percentages for the ash 
matrix. 
 
 
The ranges obtained with TRIM95 for the 3 MeV protons, in pellets of the materials listed 
above, are given in Table 1. The range given is the depth reached by protons in a beam 
perpendicular to the surface. In the setup used the angle between the sample surface and the 
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proton beam is 45°, and the depth is thus actually less (depth = range x sin 45°, given within 
brackets). The detector / sample surface  -angle is also 45° and the range is thus also the 
theoretical maximum distance a photon can travel in the sample material in direction towards 
the detector.  
 
Table 1. The range of 3 MeV protons in pellets of different materials. 
Material density                      
(g/cm3)
range(depth) 
(µm)
mass passed through 
by protons (mg/cm2)
graphite powder 2.14 77.5 (54.8) 16.5
starch 1.39 111 (78) 15.4
Wood Fuel 1.13 136 (95.9) 15.4
ashes of pine wood 1.88 104 (73.5) 19.6
air (at STP) 0.00125 139270 17.4  
 
 
In the last column the maximum amount of material passed through by 1 cm2 of particle beam 
is given. It can be seen that the amount of material needed, to prepare a sample that 
constitutes a thick target, is very small. The ashed pine wood had an ash content of 0.302 %. 
The amount of ashes needed for preparation of a uniformly thick target, with a surface of 1 
cm2, can thus be obtained from about 6-7 g of the dry pine wood.  
 
The ionisation cross-section for an element decreases with decreasing energy of protons. At 
the same time attenuation of photons from deeper inside the sample will increase. This means 
that the detected analytical signal (number of characteristic X-rays reaching the detector) is 
mainly from a thinner section of the sample than that penetrated by the incoming protons.  
Only very small amounts of sample material are needed for the TTPIXE analyses. This is a 
fact that in many cases can be considered an advantage of the method. In bulk analyses of, for 
example, wood materials, however, the same fact increases the importance of sample 
preparation that gives target samples that are truly representative of the material to be studied.  
 
 
2.2.2. Preparation of target pellets 
 
Biological (powdered and homogenised) samples were pressed to pellets with a diameter of 
13 mm, using a commercial pelleting device. To obtain pellets with uniform thicknesses, and 
thus a reproducible measuring geometry, the following “sandwich” technique was used 
consistently: 
 
• First a larger, standardised amount of graphite powder (0.4 g) is compressed in the 
pelleting device.  
• After this the piston is removed and a small amount of the sample material is 
placed in the centre on the loosely compressed graphite pellet. A high pressure (4 
tons on the piston) is then applied to obtain the final composite target with sample 
material on the front surface.  
 
The composite pellet is finally placed in a drilled hole, with the same diameter as the pellet, in 
a piece of plastic board (Fig. 5) with an attached backing. This target preparation technique 
also enables easy removal of the sample material from the (spectroscopically pure) graphite, 
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after PIXE analysis, for possible further wet-chemical analysis. Such complementary analysis 
could be performed to verify the presence of an element in a sample, or, for comparison or 
calibration in analyses of, for example, small clinical samples (supporting papers 1 and 2). 
The size of the frame is adapted to fit into the mechanism for moving the target in front of the 
proton beam (Fig. 4 in section 2.1.2.). 
 
 
Figure 5. On the left: two biological materials, prepared to target pellets according to the description 
above. Notice the visible tracks of the proton beam in the lower, irradiated target pellet. On the right is 
an irradiated target pellet prepared from ashes obtained from dry ashing of the same material (Pine 
Needles SRM-1575 from NIST, former NBS).  
 
 
2.2.3. Direct analysis of wood materials 
 
2.2.3.1. Point scans – determination of elemental distributions 
 
For analysis of annual growth rings, pieces of wood are cut out of the log (Fig. 6) or, if 
sampling a living tree, samples are taken by drilling (paper I). The surface is polished and cut 
plane using a scalpel  
 
By weighing and measuring the density of a piece of dry pine wood was calculated to be 0.7 
g/cm3. In a sample of the same composition as Wood Fuel with a density of 0.7 g/cm3, 
protons travel 200 µm (calculation using TRIM95), or approximately 60 µm further than in 
the compressed, certified standard reference material used for calibration of analysis (compare 
Table 1). This difference is found acceptable considering the measuring geometry when the 
distance from the irradiated sample surface to the detector window is 3.8 cm (38000 µm). 
 
Figure 6. A point scan across 5 annual growth rings (heartwood) in a piece of wood to obtain elemental 
distributions 
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All spots in a scan are irradiated during the same length of time. The spectrum used in 
calibration of the instrument is accumulated from a number of spots on a certified biological 
standard reference material, each irradiated during this same length of time.  
 
 
2.2.3.2. Effects of the proton irradiation on biological materials 
 
Effects on samples from irradiation with charged particles have been observed especially for 
so called micro-PIXE (Campbell and Cookson 1984, Cookson 1988, Watt et al. 1988, 
Themner 1991), where beam diameters of 1-10 µm are used. To maintain this small beam 
diameter, the analyses have to be performed in high vacuum. The vacuum increases the risks 
for possible losses of sample material (Räisänen 1992, Räisänen 1989, Martinsson 1987) 
especially when heating occurs (Martinsson 1987). The beam current density for micro-PIXE 
is kept relative high, i.e. at levels of 107-108 nA/cm2 (Watt et al. 1988, Watt et al. 1997), in 
order to obtain sufficient statistics from analyses of the very limited surface area.  
 
The processes behind the beam damages are not fully known (Johansson et al. 1995, 
Lövestam et al. 1990, Hansen et al. 1980) and have not been studied systematically for 
biological materials, as stated by Watt et al. (1997). Damages have been grouped into two 
categories: beam damages and effects caused by heating. The first category is related to the 
total amount of deposited charge, while the latter is related to the intensity of the particle 
beam. Themner et al. (1990) suggested that the two processes interact when sample mass is 
lost, i.e. heat evaporates the volatile compounds that are formed as the results of beam 
damages. Williams (1984) has pointed out the possibility that oxidation may take place in the 
sample during irradiation in air. Beam effects that occur can considerably complicate the 
quantification of the analytical results (Cookson 1988, Themner at al. 1990). 
 
The temperature increase in a specific sample is basically dependent on the intensity of the 
projectile beam, i.e. the beam current (Hansen et al. 1980, Nobiling 1986). The temperature 
reached during irradiation is a result of an energy balance between the energy deposited on 
retardation of the protons and the removal of energy through heat radiation as well as heat 
transfer in the sample and via a possible gas atmosphere (Gloystein and Richter 1987). The 
beam effects on a sample are thus smaller in external PIXE. Campbell (p. 24 in Johansson et 
al. 1995) regarded helium as a better coolant than air for sensitive samples because of its 
better heat transfer capacity. Gloystein et al. (1987) have considered flushing the sample with 
gas, or placing the sample in an atmosphere of helium, as the only way to obtain efficient 
cooling of the sample.  
 
Zeng et al. (1990) studied the effects of 2.1 MeV protons on (thin) paper in air. They were 
able to measure the temperature of the paper and could establish that the temperature rise was 
less than 5 ˚C if the beam current density was kept below 30 nA/ cm2.  Despite this, beam 
damage in the form of reduced strength and brightness could be noticed after deposition of 
about 0.4-0.6 µC/cm2. No reports on measurements of exact temperatures during analyses of 
thick biological samples have been found. Heat generated in thick samples is though greater 
because the whole energy content of the particle beam is deposited in the sample (Johansson 
and Campbell 1988).  
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When analysing thick biological samples in air with the set-up described in this thesis, visible 
effects on the sample surfaces are observed (Figs 5 and 6). Therefore a study of these effects 
on yields was performed where the same spot of a biological material (pellet of the certified 
reference material Tomato Leaves, SRM 1573 from NIST, former NBS) was irradiated with 3 
MeV protons. Separate spectra were registered during 5 consecutive irradiations of the same 
spot on the sample. A clear enrichment of elements with increasing total charge could be 
demonstrated (supporting paper 7). For potassium and zinc, the relative standard deviations 
were 7 and 6 % respectively, due to increasing yields in the consecutive irradiations. A similar 
test on ashes of the material showed constant normalised yields for all five consecutive 
spectra. The relative standard deviations (n=5) obtained for potassium and zinc were 1.3 % 
and 2.9 % respectively (supporting paper 7). The ashes can thus be considered inert. No 
further loss of sample material occurs during irradiation of ashes in PIXE. 
 
The observed effects of the particle beam on the biological sample targets show the 
importance of similar beam currents and irradiation times for all samples in the analytical 
session.  
 
 
 
2.2.4. PIXE analysis of dry ashed wood materials – bulk analysis 
 
If the bulk (average) concentration of a material is to be determined, the sample analysed has 
to be truly representative of this material as a whole. Heterogeneity as well as changes in the 
composition of the target samples during irradiation are factors that both can affect negatively 
the quantitative bulk analysis of biological material when ion beam techniques are used 
(Maenhaut 1987, Valkovic et al. 1995). 
 
 
2.2.4.1. Dry ashing of biological materials  
 
Representative samples of wood are difficult to prepare due to the heterogeneity of the 
material (Lövestam et al. 1990). A point scan analysis across 3 annual growth rings in spruce 
wood was performed in paper I. Within this limited area of wood large variations in the 
concentrations of, for example, Fe (from below the detection limit of 14 mg/kg up  to 174 
mg/kg), Cu (3-33 mg/kg), K (200-930 mg/kg), Mn (17-58 mg/kg), Ca (600-2200 mg/kg), Sr 
(5-15 mg/kg), and Zn (9-25 mg/kg) were observed. 
 
The organic matrix of a biological sample is removed during dry ashing. In the residue, the 
ash, the ash forming elements are transformed to oxides or, in various extents, to carbonate 
forms (Mader et al. 1997, Hoenig 2001). The ash content of birch, pine and spruce wood is 
low, or around 0.2-0.4 % of the dry weight. For this kind of materials a strong enrichment of 
the ash forming elements is obtained. The ashes can be homogenised for analysis by shaking, 
to represent a large amount of the original biological sample material.  
 
The choice of ashing temperature should, according to Hoenig (2001): “ensure the 
quantitative removal of the organic matter without a partial or total loss of analytes by 
volatilisation or their incorporation into a residue insoluble in usual reagents”. Hoenig (2003) 
also stated that losses reported as being due to volatilisation are often, in reality, due to 
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retention problems. Koh et al (1999) studied losses of the elements occurring in stem wood 
from trees heated in an open vessel in a muffle furnace, using instrumental neutron activation 
analyses (INAA). No losses of Mn, Ca, Sr, Ba Fe, Cu and Zn were observed at temperatures 
up to 600 °C. K and Rb concentrations decreased slightly at 600 °C, but no losses were 
observed at 550 °C. Llorente and Garcia (2005) dry ashed lignocellulosic biomasses, 
including pine chips, at different temperatures and ended up recommending dry ashing 
temperatures of 500-550 °C. They observed no decreasing trend for the recoveries of the 
elements Ca, K, Na, S, P, Si, Al, Fe, Ti, Ba Mn Sr and Zn, when dry ashing pine wood at 400, 
500, 550 and 600 °C. The amounts of S, Na, Al and Fe in the original biomasses were, 
however, found to be somewhat higher than in the ashes. Azcue and Mudroch (1997) 
presented a study where they ended up recommending dry ashing at 550 °C for determination 
of Cd, Co, Cu, Fe Mn, Ni Pb and Zn in vegetation. Väisänen et al. (2008) dry ashed a certified 
standard reference material of pine needles at 500 ˚C with no observed losses of Al, Ca, Cu, 
Fe, K, Mg, Mn, Na, Zn and P. According to Bock (1979), temperatures up to 800 °C can be 
used in dry ashing of biological materials, still with full recovery of phosphorus.   
 
Salts of alkali and alkaline earth metal ions have been used as “ashing aids” in dry ashing 
prior to determination of sulphur in organic materials. (Bock 1979).  Our own experience 
from dry ashing of Tomato Leaves at 550 °C (paper II) is that sulphur is almost 
quantitatively retained in the ash. However, in the PIXE spectrum for ashes of Bovine Liver, 
no peak for sulphur was found, although the content of sulphur in the ash would have been 
over 18 weight %, if fully retained during dry ashing. 
 
From the reported certified concentrations for the Tomato Leaves CRM, and knowing the ash 
content, the composition of the ash residue after ashing at 550 °C can be calculated to be 
(compare appendix 1): 23 % K, 15 % Ca and 1.8 % P. For ashes of Bovine Liver the 
corresponding calculated numbers are: 23 %  K, 0.27 % Ca and 26 % P. According to 
Obernberger (1998) test runs and evaluation of material balances showed that up to 90% of 
the sulphur in a biofuel can be bound in the ashes from combustion of the material. S-fixation 
efficiency (Obernberger 1998) in the ash depends on the concentration of alkaline earths 
(especially Ca). In the case of bovine liver and similar materials, with a high content of 
phosphorus, the binding of cations in phosphates can also hinder the sulfation process. 
 
Concentrations of sulphur are also reported in the present work. Bark and wood samples have 
a relatively similar composition of the main elements. The Ca/S ratio is high, and phosphorus 
concentrations are relatively low. In the calibration procedure for the bulk analyses, 
biological, certified reference material, of closely matching composition of mineral elements, 
are dry ashed in the same way as the samples.   
 
Ashes from dry ashing of biological material can be dissolved in acids and pipetted on to 
foils, which can be analysed as thin targets with PIXE (Malmqvist 1990). In Thick Target 
PIXE no digestion of the ashes is performed and therefore problems caused by incomplete 
dissolutions, or crystallisations forming locally thick segments (Pallon and Malmqvist 1981), 
can be avoided. 
 
Due to the enrichment of analyte elements in ashes a lower beam current is needed to obtain 
sufficient statistics for characteristic X-rays. A lower beam current will also mean that 
induced spectral background from, for example, the air or the exit window is less.  
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A drawback of dry ashing is the loss of some volatile elements like, for example, halogens. 
Dry ashing of some types of biological samples can also give ashes that contain high 
concentrations of elements that will produce a high spectral background in the PIXE spectrum 
through intense emission of gamma-radiation. An example is the high content of sodium in 
ashes of blood plasma, which strongly diminishes the gain of enrichment by ashing (Pallon 
and Malmqvist 1981).  The levels of sodium are, however, low in wood materials (supporting 
paper 10, see also Table 12 in this thesis).   
 
A concept for bulk analysis of wood materials, including classical dry ashing and direct PIXE 
analysis of the ashes as thick targets, was developed in papers II-III.  Samples, as well as the 
certified biological reference materials used for calibration (see section 2.3) were dry ashed at 
550 °C. Dry ashing was performed in a programmable furnace which enables processing 
samples in a reproducible manner. The temperature was increased slowly, especially during 
the carbonisation step, to avoid local hot spots or self ignition. The biological materials were 
dry ashed in open crucibles and the residue, the ashes, were homogenised by shaking. The 
method is especially favourable for the analyses of heavier elements at trace level 
concentrations in materials with low ash content, wood being one example. Another 
application has been the analyses of honey samples (supporting paper 6).  
 
The European committee for standardisation has published a standard method for the 
determination of ash content in solid bio fuels (CEN/TS 14775) where the temperature to be 
used is 550±10 ˚C. This standard is planned to be upgraded to a full formal European standard 
which would then replace existing national standards. The concept presented in this thesis 
enables direct analyses of, for example, heavy metals in ashes of biofuels and should be of 
potential interest when further studies of ash residues are considered. 
 
 
 
2.2.4.2. The chemical composition of some dry ashed reference materials 
 
In appendix 1 the certified concentrations, and in some cases also concentrations given for 
information only, are listed for some CRMs available. The elemental concentrations in the 
ashes were calculated using the ash contents obtained from dry ashing of the biological 
materials at 550 ˚C. A biological certified standard reference material (CRM), which is to be 
dry ashed and used in calibration, should have the elemental concentrations well certified and 
the concentrations in the ash should clearly exceed the limit of detection for the elements to 
be quantified. The CRM Pine Needles 1575 from NIST (National Institute of Science and 
Technology, Gaithersburg, MA, USA) meets the criteria mentioned for most elements 
(including phosphor and trace metals) normally quantifiable in the bark and wood samples 
analysed. The elemental concentrations certified are also in agreement with the 
comprehensive compilation of literature data for this CRM as reported by Roelandts and 
Gladney (1998), which was not the case for the concentration of iron in Tomato Leaves 
(certified to 690±25 mg/kg). For this CRM Roelandts and Gladney (1998) report a mean 
concentration of 600 mg/kg for 68 published analyses of Fe. This corresponds to a 
concentration of 3.09 mg/kg in the ash, which is also in agreement with our own result ( 3.00 
mg/kg of dry ash, paper II). The data compiled by Roelandts and Gladney (1998) were also 
used to complete appendix 1.  
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Calculated elemental concentrations in the ash of the Pine Needles CRM, as well as in ashes 
of two other reference materials used in the calibration and evaluation of analyses of stem 
bark and wood, are summed up in Table 2. The two other CRMs included in the table are 
Wood Fuel (Pine) NJV 94-5, a mix of 30 % pine wood chips and 70 % pine bark, and Energy 
Forest (Salix) NJV 94-3, both from the Swedish university of Agricultural Sciences, Umeå. 
Concentrations of chlorine and bromine are included in the sums although these elements are 
expected to be almost quantitatively lost at 550 ˚C, chlorine already at temperatures > 250 ˚C 
and bromine at temperatures > 400 ˚C (supporting paper 14).   
 
Calculated concentrations of corresponding oxides are also included in Table 2 and summed 
up. A clear anti-correlation between the calcium concentrations and the total contents of 
oxides was found (r = -0.9998, n=3), and the mass lacking (100% - total % of oxides) was 
assumed to be the CO2 in carbonates. The concentrations of carbonate carbon as well as the 
oxygen concentrations (100% -% carbon –% ash forming elements) were calculated and 
included in the table. Oxygen is clearly the dominating element in the ashes, followed by 
calcium and potassium. These three elements together constitute ¾ of the total mass.  
 
 
Table 2. Concentrations of elements and their oxides in ashes of some wood based CRMs, calculated 
from certified  concentrations, as well as from consensus values by Roelandts and Gladney (1998), and 
the ash contents (ash %)  obtained by dry ashing at 550 ˚C. The concentrations of (carbonate) carbon 
and oxygen are estimated by calculation (see text). 
Energy Forest Pine Needles Wood Fuel
ash% 1.57 2.52 1.23
element oxide element oxide element oxide
[mg/kg] [%] [mg/kg] [%] [mg/kg] [%]
Ca/CaO 280000 39.2 163000 22.8 284000 39.7
K/K2O 127000 15.3 147000 17.7 73000 8.79
P/P2O5 32000 7.33 48000 11.0 17000 3.90
Mg /MgO 21600 3.58 46800 7.76 24300 4.03
Si/SiO2 7630 1.63 51200 11.0 18700 4.00
Al/Al2O3 1300 0.246 22000 4.16 21100 3.99
Mn/MnO 3800 0.491 26800 3.46 17000 2.20
Fe/Fe2O3 1650 0.236 7900 1.13 5700 0.815
Na/Na2O 1840 0.248 1400 0.189 3200 0.431
Zn/ZnO 4770 0.594 2600 0.324 3080 0.383
Rb/Rb2O 464 0.102
Sr/SrO 190 0.023
Pb/PbO 8.90 0.010 429 0.468 55.2 0.060
Cu/CuO 254 0.032 120 0.015 180 0.023
Ni/NiO 110 0.014
Cr/Cr2O3 100 0.018 65.0 0.012
Cd /CdO 114 0.013 8.30 0.001 21.9 0.003
Cl 6360 0.636 11800 1.17 8110 0.81
Br 300 0.03
Ti/TiO2 195 0.033
S/SO3 16500 4.12 49600 12.4 15000 3.75
Total % 50.5 73.7 58.0 93.7 49.1 73.0
CO2 % 26.3 6.28 27.0
C % 7.2 1.71 7.4
O % 42.3 40.3 43.6  
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2.3. Calibration of the PIXE analyses of stem wood and bark 
 
The expression I(Z)=f(Cz, ME, IE) has been used to describe the factors affecting the 
detectable intensity of X-rays emitted from an element (atomic number Z) in a thick sample 
(Campbell et al. 1993). The expression indicates that the intensity is dependent on the 
concentration (Cz) of the element as well as on the matrix effects (ME), i.e. effects of other 
elements than Z on I(Z). The intensity is also dependent on the instrumentation (IE) used.  
 
If samples of the same type are irradiated, using the same set-up, the normalised yields can be 
directly used in a comparison of concentrations. Absolute concentrations can be obtained by 
using a matching standard (certified standard reference materials) with known concentrations 
of the elements to be quantified. The exact matrix and instrumental effects do not have to be 
known in order to perform this calibration.  
 
Clayton (1987) compared the theoretical X-ray yields from elements in thick samples of 
several kinds of biological materials.  Reported contents of C, H and N for the different 
materials were used in the calculations and oxygen (O) was assumed to constitute the rest of 
the sample masses. For elements in the range P to Ca, matrix effects caused differences in 
yields of up to 20 %. For elements heavier than potassium the variations were within ± 5% for 
the different biological materials. When the samples were grouped into animal (blood, fish, 
bovine liver and lung) and plant material (pine needles, leafs, spinach, tomato leaves and 
cellulose) the variations in yields within the respective groups were found to be at maximum 
10 % for the elements P – Ca, i.e. the matrix effects are relatively small. 
 
Similar comparisons of matrix effects are made in paper II for ashes obtainable from dry 
ashing of different types of biological materials. The compositions of ashes of some 
vegetables, meat and edible bowels are calculated from the reported elemental and ash 
contents of the materials. Ashes of the certified biological reference materials Tomato Leaves, 
Pine Needles and Bovine Liver (from the National Bureaus of standards, NBS) are also 
included. The matrix effects are found to be small for elements heavier than calcium. The 
strongest matrix effects for ashes of Pine Needles (paper II) are seen for calcium, comparing 
to ashes of vegetable foods.   The content of potassium is clearly the highest in the ashes of 
vegetable foods, and the K: Ca ratio is roughly 10:1. In the ashes of Pine Needles the K: Ca 
ratio is about 1:1 giving clearly lower attenuation of the X-rays from calcium. A positive error 
of over 40 % was predicted for calcium if an ash of the former type would be used in 
calibration of the PIXE analysis of the ash of pine needles. However, it was shown that 
calibration using a biological material of similar origin as the samples keeps the matrix 
effects, for all the detected elements, within acceptable levels. In this thesis the dry ashed Pine 
Needles standard reference material has been used in calibration of the analyses of dry ashed 
stem wood and bark samples. 
 
In PIXE analyses the stopping range of the protons in the target sample is relatively short. The 
amount of material needed for a TTPIXE analysis is thus small. However, the demands on 
homogeneity of the analysed material are great (Valkovic et al. 1995) when representative 
results are to be obtained in bulk analyses. In the attached papers I-VI calibration and 
evaluation of the analyses are performed using certified biological standard reference 
materials (CRMs). The bulk analyses of stem bark and wood are performed by: dry ashing the 
biological material, homogenising the ashes by shaking and pressing the ashes to pellets that 
are analysed by PIXE. Dry ashed biological CRMs are used in the calibration process (papers 
II-VI).  
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Yields from samples are compared with the yields from the CRMs, or the dry ashed CRMs, of 
known concentrations. All conditions, the measuring geometry and all instrumental 
parameters, are kept constant during the analytical session. On this basis a calibration 
constant, Kz, can be calculated for each element with a certified concentration in the CRM 
that yields a large enough peak in the obtained PIXE spectrum. 
 
The calibration constant Kz gives the number of characteristic X-rays registered when a target 
sample with a known concentration (CZ) of the element is irradiated with a certain number of 
protons. The measure of deposited charge used in the present set-up is the integrated current 
from the PM-tube, denoted by QPM.  A calibration constant can thus be calculated using the 
formula:  
 
PMZ
Z
Z QC
Y
K
.
=   (12) 
 
During acquisition of a spectrum the intensity of the proton beam is kept at a level that gives 
the detection system the time to register all the incoming photons. If the detector is blocked, 
so called dead-time appears. When, for example, 2 % of the real time is dead time the yields 
of the elements have to be divided by the factor 0.98.  
 
The constant Kz enables the quantification of the concentration (CZS) of the corresponding 
element in a sample of similar type. If YZS is the count of the characteristic X-rays from the 
sample, and the measure of protons incident on the sample is QPMS, the concentration in the 
sample (Czs) can be calculated as:  
 
PMSZ
ZS
ZS QK
YC =    (13) 
 
 
2.4. Limits of detection 
 
The limit of detection, LOD, for an element was determined according to general practice in 
PIXE (Maenhaut and Malmqvist 1992). The square root of the background intensity in the 
spectral interval of the principal X-ray line was multiplied by 3 and this product was 
transformed into a concentration value by dividing it with the calibration constant. The 
spectral background intensity was obtained with the computer program MicroSAMPO version 
3.1 (Aarnio et al. 1988).  
 
The two first columns of concentration values in Table 3 give the detection limits that were 
reached for a spruce and a pine wood sample, respectively, when the PIXE analyses were 
performed on thick targets of the (enriched) dry ashed materials. The two series of LODs 
reflect the similarities of the spectral backgrounds from the two ashes (the ash contents were 
identical). These detection limits are dependent on the detection limits for the elements in the 
irradiated samples (the ashes) and the enrichment in the ashing procedure. The LODs for the 
ashes of wood are given in the third column as a mean of the LODs obtained from the two 
spectra. GUPIX software (Maxwell et el. 1989) was used to obtain the last column with LODs 
for direct PIXE analysis of the biological material.  
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The limit of quantification, LOQ, is generally related to a signal of 10 times the square root of 
the spectral background. The LOQs can thus be obtained by multiplying the concentration 
values in table 3 by a factor of 10/3. 
 
By comparing the two last columns in Table 3 it can be seen that the heavier ash matrix is 
more unfavourable, and detection limits are higher for the ash than for the biological material. 
However, a higher detection limit for the ash matrix is clearly compensated by the strong 
enrichment of the elements retained in the ashes of the wood materials. From Table 3 it can be 
seen that in a direct analyses of wood the detection limit for copper is approx. 1.4 mg/kg, and 
the limit of quantification is thus above 4 mg/kg of dry wood. The detection limit for copper 
in the ashes of wood is approx. 9 mg/kg, while the enrichment factor obtained in the dry 
ashing of both wood samples in Table 3 is 100 / 0.331 = 302.  Dry ashing for PIXE analysis 
thus enables quantification of copper down to concentrations of 0.1 mg/kg in the original 
wood samples.  Bulk concentrations of copper were found to be around 1 mg/kg in wood 
analysed in this thesis (paper VI). 
 
Table 3. Limits of detection (LODs) reached for spruce and pine wood 
samples respectively (supporting paper 7) when the samples are enriched 
by dry ashing (ash contents of both samples were 0.331 wt-%) for TTPIXE 
analyses, the LODs for the wood ashes, and the LODs for direct analyses of 
the pine wood.  All concentrations are in mg/kg of respective dry material.  
Limits of detection
Line Energy (keV) spruce pine wood ashes pine wood
Si (K  ) 1.77 82 25000 5200
P(K  ) 2 16 15 4700 510
S(K  ) 2.34 14 13 4100 130
Cl(K  ) 2.66 81
K(K  ) 3.35 1.2 1.1 350 34
K(K  ) 3.58 6.4 5.6 1800
Ca(K  ) 3.71 1.3 1.1 360
Ca(K  ) 4.05 6.2 5.7 1800 22
Mn(K  ) 5.91 0.22 0.24 70 7
Fe(K  ) 6.39 0.11 0.12 35 9
Mn(K  ) 6.49 0.85 0.92 270
Fe(K  ) 7.04 0.33 0.37 110 14
Ni(K  ) 7.41 0.06 0.07 20 2
Cu(K  ) 8.04 0.03 0.03 9 1.4
Zn(K  ) 8.63 0.02 0.03 8 1
Cu(K  ) 8.85 0.16 0.21 56
Zn(K  ) 9.58 0.1 0.12 33
Pb(L  ) 10.54 0.05 0.06 17 3.3
Br(K  ) 11.84 1.5
Pb(L  ) 12.62 0.07 0.08 23
Rb(K  ) 13.36 0.03 0.03 9 1.5
Sr(K  ) 14.14 0.04 0.03 11 1.7
Rb(K  1) 14.96 0.18 0.14 48
Sr(K  1) 15.8 0.1 0.08 27
Ag(K  2) 21.96 0.23 0.09 48
Ag(K  1) 22.14 0.11 33 13
Cd(K  2) 23.01 0.17 51 16
Ba(K  2) 31.77 1.1 1.1 330
Ba(K  1) 32.14 0.63 0.64 190 81
Ba(K  1) 36.33 1.6 1.3 440
F-19 109.89 0.14 0.16 45  
 
The preparation of target samples from the dry ashed wood material thus gives two major 
benefits: The ash can be homogenised by shaking to obtain a more homogeneous and 
representative sample to be analysed by PIXE. This is of utmost importance in bulk analysis. 
At the same time the enrichment of elements in the ash enables the quantification of some 
additional trace elements in the wood material.  
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3. ANALYSIS OF STEM WOOD AND BARK  
 
3.1. Macroscopic structure of the stem of a tree. 
The main parts that can be seen in a cross section of a tree stem are shown in Fig. 7, and are 
further described in the text below. 
 
Figure 7.  Schematic structure of a tree stem 
 
1. The outer bark (rhytidome) is dead tissue that protects the stem from mechanical injury 
and excessive evaporation (Raunemaa et al. 1987, Poikolainen 1997). It is continuously 
renewed from inside and also insulates the tree against cold and heat.  
2. The living inner bark (phloem) is the pipeline for transportation of the sap which carries 
assimilates from the leaves in a downward flow (Fengel&Wegener 1984). The outermost 
phloem tissue gradually changes to rhytidome to become a part of the protective cover of the 
stem. 
3. The growth layer, the cambium, is a very thin layer of living cells between wood (also 
called xylem) and the inner bark (phloem). In this layer cell division takes place, producing 
phloem on the outside and sapwood on the inside.  
4. The xylem/wood closer to the cambium, which contains living cells and conducts water and 
minerals nutrients from the roots up to the foliage of the tree, is called sapwood.  As the tree 
gets older the innermost cells of sapwood loose their vitality and turn into heartwood.  
5. Heartwood is the central pillar of the stem which consists of older and dead cells. This 
inner part of the stem (dark-coloured in for example pine) provides structural strength. When 
sapwood has begun to change to heartwood, the proportion of heartwood will increases during 
the lifetime of the tree (Kozlowski and Pallardy 1997). In this process pigments as well as 
phenolic substances and resins are formed (Sjöström 1992). As a result of this process the 
heartwood is practically impermeable to water. A zone close to the pith, produced by the 
young cambium, is named juvenile wood.  
6. The pith represents the tissue formed during the first year of radial growth and is seen as a 
dark spot in the middle of a disc of stem wood (Sjöström 1992). 
 
Each year the trees form new wood increments in their radial growth.  In Nordic countries the 
growth of trees is stopped during the cold winter to start again with a rapid growth in early 
spring/summer forming earlywood. Later in summer the growth is slowed down. During the 
evolvement from earlywood to latewood the cell diameter becomes smaller while the cell 
walls become thicker (Fengel&Wegener 1984). The latewood is seen as darker wood outside 
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the lighter earlywood in, for example, pine and spruce. The earlywood and the latewood 
together form an annual growth ring, also named year ring or tree ring. A tree ring 
constitutes the wood produced during a specific growth season. The earlywood part of 
sapwood predominantly conducts the water and mineral elements within the tree 
(Fengel&Wegener 1984). In this context it should be mentioned that, according to Kozlowski 
and Pallardy (1997), elements essential for the growth of woody plants include the 
macronutrients N, P, Ca, Mg and S, and the micronutrients Fe, Mn, Zn, Cu, B, Mo and Cl. 
 
 
3.2. Tree species sampled and sampling sites 
Stem bark and wood samples of birch (Silver birch, Betula pendula), pine (Scots pine, Pinus 
sylvestris L.) and spruce (Norway spruce, Picea abies), the main tree species in Finland, were 
analysed for their elemental concentrations.  The trees sampled were from different sites in 
mid-western (the region of Ostrobothnia) and south-western Finland. Some main sites are 
marked in the map in Fig. 8. 
 
 
Figure 8. Map showing sampling sites in Finland (paper VI). 
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3.3. Radial distribution of elements in stem wood 
 
3.3.1. Distribution of elements from pith to bark in a disc of pine wood 
 
Stem wood of pine was sampled during forest felling in the late winter of 1995 at Aura in 
south-western Finland (Fig. 8). A piece of stem of diameter 15 cm (the minimum allowed 
diameter for pine log) was cut from the leftover top/crown part of a pine tree. A pillar of 
wood was cut out from a thin disc of this pine stem wood (Fig. 9). The number of annual 
growth ring in the disc (the pith age) was counted to 50. The pillar was divided into 5 mm 
thick pieces. The pieces of wood were placed in frames for PIXE analysis. Then spots on the 
plane cut target surfaces were irradiated during 1 minute each. The first target sample 
included the pith, while the following samples represented wood at 5 mm, 10 mm, 15 mm etc. 
out from the pith. The last analysis was made on outermost wood from close to the bark.  
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Figure 9.  The radially sampled disc of pine stemwood from Aura. The dashed lines indicate the position 
of the wood analysed in the cut out pillar. The scale gives the distance to the pith in mm. The needle 
indicates the border between heartwood and sapwood, at about 30 mm out from the pith. 
 
In Fig. 10 the concentrations of Ca, Zn, Mn and K at the increasing distances from the pith in 
the pine wood disc in Fig. 9 are shown. Notice the magnification of the concentrations of zinc 
(x 15) and the demagnifications of the concentrations of calcium (/ 9) and potassium (/ 3). 
This scaling is done to properly fit all profiles into the same diagram in order to enable better 
visual comparison of trends.  
 
It can be seen From Fig. 10 that concentrations of Ca, Mn and Zn are clearly higher in the 
wood closest to the pith. The elements are, however, relatively evenly distributed in the rest of 
the wood. A continuous decreasing trend is seen for calcium and manganese towards the bark 
of the stem. Linear fits to the concentrations of Ca and Mn in wood 5 -75 mm out from the 
pith gave the following equations: CCa = 1597 -12.5   x and  CMn = 172– 1.23   x, where the 
concentrations are in mg/kg and x is the distance from the pith in millimetres. 
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The concentrations of zinc are relatively evenly distributed within the heartwood outside of 
the pith region (5-30 mm). For calcium, and especially for zinc, a distinct decrease in 
concentrations is seen passing from heartwood to sapwood.  The lowest concentrations of zinc 
in the pine stemwood are found in the innermost sapwood, at 35-40 mm from the pith, outside 
of which an increasing trend can be observed towards the bark. For calcium and manganese a 
slowly decreasing trend is seen throughout the wood outside the pith. 
 
Potassium shows a quite different concentration pattern. The concentrations in heartwood, as 
well as in the inner half of the sapwood, are clearly below the mean value reported from 
analyses of a large number of pine wood samples in paper VI. A very steep increase in 
concentrations is, however, seen in the outer half of the sapwood. A maximum concentration 
of 1350 mg/kg is reached for potassium in the outermost sapwood analysed.   
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Figure 10. Concentrations of Mn, K, Ca and Zn as function of distance from the pith of the pine wood 
disc shown in Fig. 9. Scaling of the concentrations is done according to the insert.  
 
Correlation coefficients (r) between the elemental concentrations in heartwood (5-30 mm 
from the pith) and sapwood (35-75 mm) respectively are given in Table 4 using the Correl-
function in Microsoft’s Excel™ software. A positive linear correlation is obtained between 
calcium and manganese, which is especially strong in heartwood. The strongest negative 
correlation is obtained between potassium and zinc in heartwood. In sapwood, however, the 
correlation coefficient for the corresponding sets of concentrations (r K-Zn) is positive. 
 
Table 4. Correlations between concentrations of elements obtained from the scan in Fig. 10. The 
correlation coefficients are given separately for heartwood and sapwood. Wood at 5-30 mm from the 
pith represents heartwood. Concentration values for the wood including the pith were excluded.  
 
5-30 mm 35-75 mm
K Ca Mn Zn K Ca Mn Zn
K 1.000 1.000
Ca 0.438 1.000 -0.786 1.000
Mn 0.542 0.927 1.000 -0.868 0.617 1.000
Zn -0.879 -0.136 -0.395 1.000 0.380 -0.513 -0.149 1.000  
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The data obtained in the study of the pine stem wood from Aura are summarised in Table 5. It 
is seen that concentrations of manganese, zinc and calcium are 3-4 times higher close to the 
pith compared to the mean elemental concentrations (n=15) for wood  5 mm outwards from 
the pith. Mean values from bulk analyses of a large number of pine stem wood samples, from 
Table 15 in paper VI, are also included as the last column in Table 5. Only for potassium, is 
the mean concentration for the disc of pine wood from Aura lower than the reference value 
from paper VI. 
 
Table 5.  Concentrations of elements in wood close to the pith of the pine stem (0 mm), mean values for 
elemental concentration in wood 5-75 mm out from the pith, and the ratio between the pair of data. The 
weighted mean elemental concentrations (see text) as well as bulk concentrations obtained from 
analyses of a large amount of pine stem wood samples (Table 15, paper VI) are also included. All 
concentrations are given in mg/kg of dry wood. 
max mean (n=15) weighted mean (n=37)
0 mm 5-75 mm quotient mean paper VI
Ca 4300 1100±290 3.9 940 750
Zn 31.0 8.4±1.3 3.7 8.1 7.3
Mn 420 120±31 3.4 110 61
K 570 500±310 1.2 620 625  
 
Elemental concentrations in wood at larger distances from the pith represent a greater amount 
of the disc of stem wood. To obtain mean values more representative of the bulk of wood in 
the disc, weighted means were calculated by: allowing concentration values obtained for 
wood at 5 mm from the pith to represent all wood within this radius. The concentration values 
for wood at 5 mm from the pith were multiplied by the factor  ·52, the concentration values 
for wood at 10 mm from the pith were multiplied by (  ·102-  ·52) and so on. The sums of the 
15 products were finally divided by a factor  ·752. These weighted mean elemental 
concentrations are included in Table 5. 
  
Concentration values for potassium in wood 5-60 mm from the pith were in the range 269-
571 mg/kg, and they were all below the mean value for pine stem wood in paper VI (625 
mg/kg).  A broad concentration interval of 269-1350 mg/kg was thus obtained for potassium 
in the radial analysis of the pine disc. Calculation of an area weighted mean value resembles 
better the result to be expected from sectorial sampling of the disc. The concentrations of Ca, 
Zn, Mn and K found in stem wood at crown height in the pine from Aura can thus be said to 
be very similar to those found for pine stem wood in paper VI, where samples where taken 
from the lower end of the stems 
 
3.3.2. Point scans across heartwood of pine 
 
3.3.2.1 Scans across the pith and the innermost annual growth rings 
 
Radial point analyses in steps of 1 mm were performed, starting from the pith, to further 
investigate the distribution of elements in the innermost wood layers of pine stem wood.  
Wood pieces of the size 2 cm x 3 cm were cut out from the centre of discs of three pine trees 
from different sites. The samples to be irradiated were fit into the opening of frames with their 
plane cut surfaces in level with the frame surface.  
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The first sample scanned, was from the next slice cut from the same piece of pine stem wood 
from Aura as in the preceding section (Figs 9 and 10). The two other samples scanned were 
from Turku (the island of Hirvensalo), south-western Finland, and from Jakobstad in mid-
western Finland (about 450 km north of Turku).  In the two latter cases the discs were cut 
from the lower end of the trunk. The two trees were felled in late winter (February). 
 
The irradiated sample of pine wood from Aura is shown in Fig. 11. The intention was to 
register the first spectrum during bombardment of the absolute centre (the pith) of the wood. 
After this the sample was moved 1 mm and the acquisition of the next spectrum was started. 
Each spot was irradiated for 8 minutes. The 15 point scan was performed in the same radial 
direction as the analyses presented in Fig. 10. 
 
 
Figure 11. A sample of pine heartwood across which a point scan has been performed in steps of 1 
mm, starting from the pith. The pith and the spots at 7-14 mm out from the pith are indicated with 
arrows. 
 
The concentration profiles obtained for Zn, Ca, Mn and K are shown in Fig. 12. A steep 
decrease in concentration of all four elements is seen outside a radius including the first 4 
spots. For wood at 4-14 mm out from the pith, the variations in elemental concentrations are 
relatively small. The concentration ranges in this heartwood are for Zn 10.6-15.5, Ca 1530-
2120, Mn 164-233 and for K 346-528 mg/kg. The lowest concentrations of Zn, Ca and Mn 
are obtained for the spot 7 mm out from the pith. Here the proton beam overlaps the clearly 
broadest latewood ring (Fig. 11). The two following spots (8-9 mm from the pith) both fit into 
the following, wide earlywood growth – followed by an also relatively wide latewood 
increment. Especially the concentrations of Zn increase over these three spots, and reach a 
maximum in the spot 9 mm out from the pith.  
 
Relatively high concentrations of Zn, Ca, Mn as well as K are also seen at the last spot 
analysed, at 14 mm out from the pith. This spot includes earlywood between two thin 
latewood increments.  
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Figure 12. Concentration profiles obtained in the 15 point scan of the pine heartwood sample in Fig. 11.  
The scaling factors are shown in the insert. 
 
The ion beam technique used gives the concentration of a number of elements within an area 
of sample surface that is restricted by the diameter of the beam used. As the analyses were 
performed with a 1 mm diameter beam, correlations between concentrations of elements could 
be obtained for very restricted amounts of wood tissue (compare Table 1, in section 2.2.1). At 
spots 4-14 mm out from the pith in Fig. 12, representing alternating early- and latewood of 
heartwood, the strongest correlation is between Ca and Mn (rCa-Mn = 0.946). Clear positive 
correlations are, however, seen between all divalent cations (rMn-Zn = 0.864, r Ca-Zn = 0.813). 
Correlations with, the univalent, potassium is much weaker (rK-Zn = 0.291, rK-Mn = 0.532 and 
rK-Ca = 0.681).  
 
The data from this and the two other scans across innermost pine stem wood are summarized 
in Table 6. For the sample from the crown part of the pine from Aura, mean values (n=4) are 
calculated for elements in the wood closest (0-3 mm) to the pith as well as for wood outside 
this “plateau” of higher elemental concentrations (4-14 mm, Fig. 12). It is seen from Table 6 
that the concentrations of zinc are on average 3.1 times higher in the wood closest to the pith, 
including two annual growth rings, than in the surrounding heartwood. In the same four spots 
irradiated the concentrations of sulphur could be quantified to 530±30 mg/kg (n=4). In wood 
more than 3 mm out from the pith concentrations of sulphur varied around a mean value that 
is close to the detection limit for this element (LOD of approximately 130 mg/kg).  
 
In the sample from Turku (Table 6) the concentrations peaked in the first spot irradiated, and 
went down half way to “base level” already in the next spot (did not fully fit into the area of 
the pith). The concentrations obtained for the pith, and the mean values of the concentrations 
at 2-14 mm from this first spot irradiated, are included in Table 6. The concentrations of 
sulphur were low, and close to the detection limit, in all 15 spots of the scan across this pine 
heartwood sample 
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Table 6. A summary of the concentration data obtained in point scans across the innermost wood of 
pine wood samples from Aura (compare Figs 11 and 12), Jakobstad (Figs 13 and 14) and Turku. The 
elemental concentrations are for the centre of the disc showing clearly higher concentrations 
(exclusively pith in the cases of wood from Jakobstad and Turku), and for the spots outside this radius. 
The quotient represents the ratio between the pair of concentration values.  All concentrations are given 
in mg/kg of dry wood. 
Aura Jakobstad Turku
element 0-3 mm 4-14 mm quotient 0-1 mm 2-18 mm quotient 0 mm 2-14 mm quotient
Zn 39.5±1.9 12.7±1.6 3.1 44.5 12.5±2.0 3.5 40 14.7±1.2 2.7
Ca 4670±220 1830±180 2.6 3240 1360±150 2.4 4360 1860±260 2.3
Mn 430±20 200±20 2.1 277 124±16 2.2 363 186±17 2.0
K 680±30 454±50 1.5 768 449±47 1.7 851 554±67 1.5
Sr 10.6±0.5 4.9±1.7 2.1 7.8 3.1±1.9 2.5 20.3 8.7±1.5 2.3
S 530±30 220±110 280 230±130 245 130±80  
. 
The tree from Jakobstad had been rather fast growing with up to 3-4 mm wide year rings as 
can be seen in Fig. 13. This enabled separate analyses of earlywood increments. The sample 
was moved in front of the proton beam with the intention to acquire the first spectrum during 
irradiation of the centre of the pith (unfortunately the hit was a bit low, compare Fig. 13). 
Data for the next spectrum was accumulated from a spot 1 mm outwards.  After this data 
acquisition was alternately from two parallel spots, from one single spot and so on, leaving 
the (adequate) X-pattern seen in Fig. 13.  
18 mm
18 mm
15
10
102
2
0
 
Figure 13. A sample of innermost heartwood of a pine from Jakobstad, analysed to reveal the 
distribution of elements from the pith and outwards. The arrows indicate the radial distances of spots to 
the first spot irradiated (the pith). 
 
The concentration profiles obtained for the pine heartwood sample in Fig. 13 are seen in Fig. 
14. Unfortunately the spectrum representing wood at 6 mm out from the pith was lost. In Fig. 
14 the concentrations of zinc were multiplied, and the concentrations of calcium and 
potassium divided, by scaling factors to enable better visual comparison of the trends. The 
scaling factors used were obtained by comparing the mean concentrations of these elements in 
spots at 2-18 mm from the pith (table 6) with that for manganese. As for the other pine wood 
samples in Table 6, high concentrations of elements are found in the pith, in this case 
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represented by the first two (single) spots analysed. However, already outside the pith, at 2 
mm, the concentrations drop to levels after which variations are very small, or within the 
ranges 9.3-13.8 mg/kg for zinc, 1140-1450 mg/kg for calcium, 95-150 mg/kg for manganese 
and 380-550 mg/kg for potassium.   
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Figure 14. Radial distributions of elements in the pine stem wood sample shown in Fig. 13. .The scaling 
factors are shown in the insert. 
 
Only for manganese some more systematic trend can be seen for the distribution of the 
element in the innermost heartwood of the pine wood. Local concentration maxima are seen 
in wood at distances of 7, 11 and 15 mm from the pith, representing the first part of 
earlywood increments.  
 
 
 
3.3.2.2. A scan across heartwood further out from the pith  
 
In paper I a scan across pine heartwood from Harjavalta in south-western Finland was 
performed.  The pine studied was felled in 1994 at 6 km from the local copper-nickel smelter 
that had started its activity about half a century earlier. The disc sampled included 54 growth 
rings and was scanned outwards starting from the seventh growth ring from the pith. Results 
of this study are shown in Fig. 15. A decreasing trend outwards is seen for elemental 
concentrations in the 15 point scan (Fig. 15). The seasonal variations in concentrations were 
moderate. However, some local maxima can be seen for earlywood in Fig. 15.  A clear local 
minimum is seen for calcium in the widest latewood increment. 
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Figure 15. Concentration profiles obtained in a 15 point scan across heartwood of Scots pine from   
Harjavalta (Fig. 5, paper I). A photo of the sequence of annual growth rings (with lighter early wood and 
darker latewood increments) scanned is included in the figure. Concentrations are in mg/kg (ppm) of dry 
wood. 
 
 
3.3.3. Elemental distributions in the innermost heartwood of a medieval pine log sample 
 
The innermost wood of a medieval pine log (Fig. 16) was also analysed. The well preserved 
log was found during excavations undertaken close to the Aura river in the city of Turku, 
before the construction of the Åbo Akademi Gripen-building. As the water permeability of 
heartwood is also known to be very limited, comparison with the “fresh cut” wood samples 
(Figs 11 and 13) was performed. According to the dendrologist the tree in Fig. 16 was felled 
during late spring –early summer of 1406. The sample of innermost heartwood analysed (seen 
in Fig. 16) thus represents wood formed late back in the 14
th
 century.  
 
 
Figure 16. The cut medieval log, together with the scanned sample of the innermost heartwood. 
 
The log was estimated to have been covered by soil since the middle of the 15
th
 century, or for 
around 550 years. It was found at a depth of almost 3 meters in a wet and basically oxygen 
free environment (Pihlman 2009). About half a meter of the log was cut off and brought to the 
laboratory. The scanned sample in Fig. 16 was prepared from a thin disc from the cut end of 
this piece of pine log. The concentration profiles obtained in the scan are seen in Fig. 17. 
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Figure 17. Concentration profiles for:  a) Zn, Ca, Mn and K; b) Fe, Cl and S obtained from the radial 
scan across the sample of medieval pine wood in Fig. 16. 
 
As can be seen in Fig. 17a the elements Zn, Ca, Mn and K all show clear maximum 
concentrations in the first spot representing the pith. Outside of the pith the concentrations 
drop radically, and vary very little going outwards in the surrounding heartwood. The 
concentration data from the scan across the over 600 years old pine heartwood are 
summarized in Table 7.  A comparison with the concentrations in Table 6 shows that: 
 
• Concentrations of S, Cl and Fe are much higher in the pith of the medieval log sample 
(Table 7). For the samples in Table 6 the concentrations of these elements were 
around, or below, LODs of 130 mg/kg, 80 mg/kg and 10 mg/kg respectively. The 
clearly higher concentrations in the medieval sample indicate uptake from the soil 
water, where anaerobic conditions keep iron in the reduced and more mobile Fe(II) 
form. The concentrations of the two anionic elements, sulphur and chlorine, were 
found at almost similar levels across all the spots scanned (Fig. 17b).  Concentrations 
of Zn, Ca and K were about two times higher in the pith of the medieval sample than 
in the pith of the samples in Table 6. The concentration of Mn was, however, clearly 
lower.  
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• The low concentration of manganese and the high concentration of calcium in the pith 
of the medieval sample are accompanied by equally low and high concentrations in 
the innermost wood surrounding the pith. As a result, the ratios between the 
concentrations for these elements in Table 7 are very similar to those obtained for the 
samples in Table 6. The same pattern is seen for the other alkaline earth ion strontium. 
The pattern seen for zinc is different.  The concentrations of zinc in wood surrounding 
the pith is actually a bit lower than for the samples presented in Table 6, and the ratio 
between the concentrations is thus much higher(7.4). The ration is also very high for 
iron (9.8).   
 
Assuming that the excess of zinc in the pith of the medieval log is from the soil water, it can 
be concluded that uptake of Zn2+ ions into surrounding heartwood has been negligible during 
this “equilibrium experiment over extended time”. The amount of zinc present in the 
heartwood seems to be only that incorporated during the time of biological activity of this 
wood tissue. The dead heartwood, on the other hand, seems to have an ability to bind calcium 
ions. These facts can be related to the different roles of the two elements in the xylem.  
According to Kozlowski and Pallardy (1997) a main role of calcium is for stabilisation of cell 
walls, while zinc acts as a metal component of enzymes, e.g., as a cofactor for RNA 
polymerase influencing protein synthesis in woody plants. 
 
Concentrations of Mn and Zn, as well as K, in the over 600 years old pine heartwood (Table 
7) are very similar to the bulk concentrations for stem wood of pine given in Table 5 (from 
Table 15 in paper VI). 
 
Table 7.  Results obtained in the radial point scan across the innermost wood of the medieval log in Fig. 
16. The concentration obtained for the pith (0 mm) and the mean and standard deviation of 
concentrations in spots 1-14 mm out from the pith are given.  The last column includes quotients 
representing the ratios between these concentration values.  Concentrations are in mg/kg of dry wood. 
 
 
 
 
3.3.4. Point scans across annual growth rings in sapwood of spruce and pine 
 
3.3.4.1. Sapwood of spruce  
 
Concentration profiles obtained in a linear point scan across 18 mm of sapwood from a 
Norway spruce (Picea abies) are seen in Fig. 18. The tree was felled in 1994 at 6 km 
northeast from the copper-nickel smelter at Harjavalta, south-western Finland. The target 
element 0 mm 1-14 mm Quotient
Zn 70.4 9.5±3.8 7.4
Ca 9900 3510±766 2.8
Mn 137 55.5±13.6 2.5
K 1780 722±91 2.5
Sr 36.5 14.7±5.1 2.5
S 4120 3800±761 1.1
Cl 1480 970±160 1.5
Fe 933 95.2±27.7 9.8
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sample was prepared from a disc, from the lowest end of the tree, in which 80 tree rings were 
counted. The 18 spots irradiated represented wood formed during the years 1979-1981. Large 
seasonal variations in the elemental concentrations were seen for the sapwood scanned. 
Especially for Fe the range of concentrations was broad, from below the detection limit of 14 
mg/kg up to 174 mg/kg.  Also for K (200-930 mg/kg), Ca (600-2200 mg/kg), Sr (5-15 
mg/kg), Mn (17-58 mg/kg) and Zn (9-25 mg/kg) large variations in elemental concentrations 
can be seen. The tree rings in the sample analysed in Fig. 18 were up to 6 mm wide, and this 
enabled analyses of several spots within each annual ring.   
 
Figure 18. The concentration profiles obtained in a radial scan across sapwood of a spruce tree from 
Harjavalta, south-western Finland (Fig. 4, paper I). Observe that, in this case, the concentrations for 
elements Ca and K, read from the Y-axis, should be multiplied by a factor 100 to get the concentrations 
obtained in the PIXE-analysis. Concentrations are in mg/kg of dry wood. 
 
The lowest concentrations of, for example, Ca, Mn and Zn in Fig. 18 are generally seen for 
spots representing latewood. High concentrations of these elements are seen especially for the 
earlywood formed at the very beginning of the growth season (early earlywood). An 
increasing trend towards the bark can be seen for these elements when comparing 
concentrations in the earlywood of the year rings. Concentrations of zinc are high in all spots 
within the wide earlywood increment representing the year 1980. The growth was good 
during this year, and the latewood increment is also wide.  
 
The elemental concentrations are generally lower in spots representing latewood, an example 
is the spot at 10 mm in Fig. 18. Increases in concentrations of, for example, Ca, Sr and Zn 
can, however, be seen going outwards in latewood (e.g., at 10-11 mm), towards earlywood of 
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the following growth season. This implies radial translocation of ions from sap in earlywood, 
to binding sites in the denser latewood. In this connection it could be mentioned that analyses 
of the wood inside a Cr- and Cu-impregnated board showed that these two elements were 
enriched in latewood, while the Ca concentrations remained higher in earlywood (supporting 
paper 8). This observation could be related to the fixation process being driven by an 
oxidative reaction of chromate, Cr(VI)   Cr(III), with wood (Bull 2001). According to Bull 
(2001) large numbers of carboxylate groups should be generated in this reaction by oxidation 
of lignin and carbohydrate fractions. 
 
Distinct concentration maxima for iron can also be seen in earlywood in Fig. 18. Copper 
concentrations are mainly below the limit of quantification (ca. 4 mg/kg). In some spots the 
concentrations are, however, clearly higher. The two highest concentrations of copper are 
found within earlywood representing the growth during 1980, peaking in the late earlywood. 
The concentration found in the latter spot is 30 times higher than concentrations obtained in 
bulk analyses of spruce stem wood (paper VI). Berglund et al. (1999) found “hot spots” of Fe 
and Cu in spruce sapwood. These local high concentrations were explained as a part of the 
metals being arranged in inorganic precipitates instead of being attached to the “hemi 
cellulose/lignin matrix”.  In Fig. 18 the very distinct concentration maximum for Cu (and also 
Fe) occurs later in the wide earlywood increment of the year 1980 than those for Ca or Mn. 
This could be taken as support for an assumption that the metal ion is precipitated with some 
component dissolved in the sap water having passed through this wide earlywood increment.   
 
 
3.3.4.2. Sapwood of pine 
 
A distinct peak for copper can also be seen in the concentration profile in Fig. 19, obtained 
from a scan across sapwood of pine from the same location as the spruce in Fig. 18. The high 
concentration of copper is found in a spot representing earlywood.  The concentration of zinc 
was also high in this same spot. Zinc concentrations showed clear seasonal variations and a 
general increasing trend towards the bark in the pine sapwood sample.  
 
 
Figure 19. Concentration profiles obtained from a 10 point scan across pine stem wood (sapwood) of a 
tree from Harjavalta (Fig. 3, paper III). All concentrations are given in mg/kg of dry wood (ppm).  
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3.3.5. Comments to results obtained in the radial analyses of stem wood 
 
Published data on the radial distribution of elements in stem wood are relatively scarce and do 
not always agree. In the rather few reports found considering elemental distribution in and 
between the annual growth rings, it is also not always mentioned if heartwood or sapwood is 
analysed. Reports on the determination of elemental concentrations in the pith, or the pith 
region, seem to be even non-existing.  
 
In the reports found where elemental concentrations in earlywood and latewood have been 
studied, the concentrations in earlywood are generally higher.  Tokareva et al. (2007) found 
higher concentrations of Ca, Mg, Na and K in earlywood than in latewood of spruce (Picea 
abies) sapwood. In heartwood, however, this trend was not seen for Ca and K. Lövestam et al. 
(1990a) also reported higher concentrations of elements, including Ca, Fe, Cu and Zn, in the 
earlywood of spruce. The same authors also stated that the concentration patterns for 
potassium and chlorine “do not show a pronounced ring structure”. Kuczumov et al. (1996) 
also found these univalent ions to be very irregularly distributed in pine wood, but reported 
that the concentrations of Ca, Mn and Fe followed the density patter, i.e. concentrations were 
higher in the less dense earlywood than in latewood. Kuczumov et al. (1996) also noted that 
the maximum concentration of calcium in the earlywood was found closest to the dense 
latewood of the preceding year.   
 
The width of an annual growth ring, formed in a tree, is substantially reduced by drought 
(Kozlowski and Pallardy 1997).  Essentially all water absorbed by roots moves upwards 
through the stem and branches to the evaporating surfaces of the foliage (Kozlowski and 
Pallardy 1997). This flow is via the sapwood, and mainly an outer section of this younger 
xylem. The earlywood of the annual growth rings in the sapwood is the major path for the 
flow, as latewood is much more resistant to water transport (Kozlowski and Pallardy 1997). 
Large amounts of aqueous solution will thus pass through this earlywood during a growth 
season, especially if precipitation is large. Elements/ions can thus be bound to functional 
groups, precipitated or otherwise incorporated into the wood-structure, from this upward flow 
of water from the roots. This can be seen as seasonal variations of elemental distributions in 
for example Figs 18 and 19 of this thesis, with higher concentrations in the earlywood of the 
sapwood.  Translocation of elements would explain the higher concentrations seen outwards 
in latewood increments (Fig. 18), as well as the small seasonal variations seen on the mm-
scale in heartwood (Figs 12, 14, 15 and, especially, Fig. 17) 
 
Outwards decreasing trends for concentrations of alkaline earth metals, found in coniferous 
stem wood, have been ascribed to decreasing cation binding capacity of the wood from pith to 
bark (Meerts 2002). A decreasing trend from pith to bark was seen for calcium and 
manganese in the analyses presented in Fig. 10. Concentrations of zinc were very evenly 
distributed across the heartwood. The lowest concentrations of zinc were found in the inner 
sapwood closest to the heartwood, after which an increasing trend was seen towards the bark 
(Fig. 10). The transformation into sapwood is gradual (Pallardy and Kozlowski 1997). The 
concentration profile for zinc (fig. 10) could thus be interpreted as an emigration of this 
element from older sapwood, in transformation into heartwood, to outer, biologically more 
active regions of the stem. This would mean clever “recycling”, which fits the role ascribed to 
zinc in woody plants as being a cofactor for RNA polymerase influencing protein synthesis 
(Kozlowski and Pallardy 1997), as the stem radius increases with each annual growth ring 
formed.  
 
40
 41 
In Fig. 18 the concentrations of zinc were shown to be the highest in earlywood, i.e. the wood 
representing the start of a growth season. The importance of zinc in the growth process of an 
individual tree is also indicated by the relatively higher concentrations of this element in the 
pith, as shown for pine stem wood in Table 6. The pith in a disc of stem wood is the tissue 
formed during the first year of radial growth, and it represented the growing point of the tree 
when the tree was of the height at which the disc was sampled from the tree felled. An around 
3 times higher concentration of zinc was found in the pith, compared to the surrounding 
wood, for all the pine samples studied (table 6 on page 33). Concentrations of the plant 
essential elements Ca and Mn were also clearly higher in the pith of the samples. At crown 
level in a pine tree this “pith like” feature was extended over a radius including the first two 
annual growth rings (Figs 11 and 12).  
 
 
3.4. Representative sampling of stem wood – analyses of birch  
  
The sampling is essential when concentrations representative of, for example, the bulk of a 
disc of stem wood are desired. With the results from this analysis, questions that can be asked 
are: how representative are these results for the stem as a whole, or, for stem wood of this tree 
species in general?   
 
The results presented in Table 8 are from analyses of birch wood sampled in different ways.  
All bark was removed from the samples, and the wood was dry ashed at 550 ˚C. The ashes 
obtained were homogenised by shaking, and pellets for PIXE analyses were prepared as 
described in chapter 2. None of the sampled sites were known to have been exposed to any 
pollution of the soil. 
 
The four categories of samples (a-d in Table 8) were:  
  
a) Samples taken from the same disc of a tree. A disc of birch stem wood was cut into eight 
(n=8) equally large 45˚ sectors. The disc was from the lower end of the stem of a birch from 
Kållby, Ostrobothnia. The whole sectors of wood were dry ashed for PIXE analyses (paper 
VI). 
b) Discs cut from six different heights (n=6) of the same tree. Discs were cut from the base 
and from heights of 6, 8, 10, 12 and 14 m in the same tree. The whole discs of wood were dry 
ashed for PIXE analysis.   
c) Samples from seven (n=7) different trees growing within a limited area of 0.02 ha at 
Nykarleby, Ostrobothnia (paper IV). A disc was cut from the lower end of each tree. From 
each disc a sector of wood was removed and dry ashed for PIXE analysis. 
d) Samples from five different trees (n=5) growing within an area of 1 ha on the island of 
Nagu in the Turku Archipelago (paper VI).  A disc of stem wood was cut from the lower end 
of each tree. From each disc a sector of wood was removed and dry ashed for PIXE analysis. 
 
Although the number of samples in each category is different (n= 5-8), it can be concluded 
from the relative standard deviations (RSDs) in Table 8 that the greatest differences in 
elemental concentrations generally are between individual trees. This although the individual 
trees of respective groups c) and d) had grown within very restricted areas, and thus under 
similar climatic conditions. Apparently, the root systems of individual trees find quite 
different amounts of the plant available ions, even when the trees are growing close together. 
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Table 8. Elemental concentrations obtained in analyses of: a) the eight 45 ˚ sectors of the same disc of 
a birch from Kållby, b) whole discs from 6 different heights in a birch from Vexala, Nykarleby, c) single 
sectors of discs from 7 different birch trees growing within 0.02 ha in Nykarleby (from paper IV), and d) 
single sectors of discs from 5 different birch trees from the Nagu island in the Turku archipelago.  All 
concentrations are in mg/kg of dry wood. 
a) 8 sectors of a disc b) 6 different hights c) 7 different trees d) 5 different trees
mean RSD [%] mean RSD [%] mean RSD [%] mean RSD [%]
ash[%] 0.31 4.3 0.35 11 0.32 21 0.389 26
P 54.2 18 87.6 39 144 20 142 33
S 30.4 18 46.4 31 125 23 189 49
K 469 13 458 13 619 44 840 18
Ca 254 18 425 12 847 40 1170 70
Mn 22.2 17 63.6 10 121 45 132 109
Fe 2.15 13 1.16 32 3.3 22 17.1 74
Cu 0.964 4.8 0.74 16 1.16 13 1.03 35
Zn 36.2 13 15.7 17 35 21 48.4 37
Rb 2.59 7.0 2.14 12 3.9 29 4.18 19
Sr 5.23 9.1 3.79 11 5.7 18 5.48 32  
 
For 8 out of the 11 elements quantified in table 8, the largest variations are seen for samples 
from the trees at Nagu, and variations are the largest for Ca, Mn and Fe. Of these elements, 
manganese and iron can occur at more than one oxidation state.  
 
Martin et al. (2006) related high variations in metal contents between trees at the same site to 
the complex nature of the uptake by trees, and different micro-environments experienced by 
the individual trees. The metal content of forest soil varies over small distances, and the metal 
being bioavailable, or in a form that can be made bioavailable, depends on small-scale (near 
tree) variations in soil pH, pE (redox conditions), mineral and organic content, fungi, micro 
topology etc. (Martin et al. 2006). 
 
For the eight sectors of the same disc of a tree, a) in table 8, the differences in both ash and 
elemental content are found to be small. The variations for samples taken from different 
heights in the birch b) are also relatively small compared to those between individual trees. 
Only for phosphor a larger variation is seen sampling from different heights in a tree. 
Comparing the results for these two birches, a) and b) in Table 8, from sites about 40 km apart 
in Ostrobothnia, it is seen that only a few of the ranges set by the standard deviations for the 
elemental concentrations overlap.  
 
The relative concentrations of elements at different heights in birch b) in Table 8 are shown in 
Fig. 20. The concentrations at the different heights were normalized so that the mean 
concentration for respective element (from Table 8) is represented by the value 100 on the Y-
axis. The diameter of the tree at the base was around 30 cm. At the height of 14 m the stem 
had a diameter similar to that of the main branches, or less than 5 cm. At least the last 2 
meters of stem in Fig. 20 would thus have been left as residue in normal harvesting of birch 
log.  
 
The greatest variations with height are seen for Fe, P and S. The variations in the 
concentrations of Fe are irregular, and greater than for any other metal quantified (Fig. 20). A 
steep increase is seen towards the top of the tree. For sulphur and phosphor, both elements 
that are present as anions in aqueous solutions, clearly increasing concentrations with height 
can bee seen, especially in the upmost 2 meters of thin stem wood. 
 
42
 43 
Essentially all water absorbed by roots moves upwards through the stem and branches to the 
evaporating surfaces of the foliage (Kozlowski and Pallardy 1997, Martin et al. 2006). 
Transpiration is the driving force that maintains the transportation of dissolved elements up 
through the tree, and the transpiration rate for birch is high due to the large leaf area 
(Kozlowski and Pallardy 1997). The increase in concentrations of the anionic elements up the 
birch, demonstrates that the tree stem is principally a cation binding column.  The similar 
profiles seen for iron and phosphor in Fig. 20 could indicate possible precipitation of iron as 
the phosphate, especially in the crown part of the tree. 
 
The elemental concentrations obtained for the sample from the low end of the stem are 
generally relatively close to the mean value (close to the value 100 in Fig. 20). Especially 
when one considers that the lower end of the stem is thicker, and thus represents a larger 
amount of the total biomass, the conclusion can be drawn that cutting the disc from the lower 
end of the tree, gives samples with elemental concentrations well representative of the bulk of 
the stem. 
a) Ash content, P, S, K and Ca
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b) Fe, Mn, Cu and Zn
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Figure 20. Relative concentrations of a) main mineral elements and b) some trace metals, at different 
heights in the stem of a birch from Nykarleby. 
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3.5. Elemental distributions in some pine bark samples 
 
The first step in the pulp manufacturing process is the debarking of the logs used as raw 
material.  The bark removed is mostly burned for production of heat and energy. Ashes from 
combustion of the biofuel can be reused, e.g., in the cement and brick industry, and also have 
a great potential to be used as fertilizer.  
 
Pine tree barks have shown to be good sorbents of airborne pollutants, including heavy metals 
(Schulz et al. 1999). Scots pine (Pinus sylvestris L.) is abundantly available in the northern 
coniferous forests and its inert, porous and large surface bark has been used in the monitoring 
of atmospheric metal pollution (Lippo et al. 1995, Poikolainen 1997). Bark is exposed to air 
pollution either directly from the atmosphere or from stemflow, which also brings down 
pollutants deposited on higher parts of the tree. (Schulz et al. 1999, Poikolainen 1997).  
According to Schulz et al. (1999) the external bark sheet of a pine is rejected after 
approximately 2 years. The pine bark used in the monitoring of atmospheric pollution has 
often been sampled by removing ca 2-3 mm of the bark surface at breast height (Lippo et al. 
1995, Poikolainen 1997, Schulz et al. 1999, Pöykiö et al 2005).  
 
The concentration profiles from point scans across pine bark samples from two different sites 
are shown in Figs 21 and 22. The scans were performed in steps of 1 mm from inner bark to 
the outer surface of the bark. The scan in Fig. 21 was across 22 mm thick bark of a pine from 
the Turku archipelago (Nagu).  
 
 
 
Figure 21. Elemental concentration profiles obtained in a point scan across a pine bark sample from the 
island of Nagu, south-western Finland. The first 2 spots of the 22 point scan represent inner bark. (Fig. 
3, paper V). 
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This 22 point scan from the inner bark to the outermost cork bark layer revealed large 
variations in the elemental concentrations (Fig. 21). The sample represents pine bark not 
exposed to atmospheric pollution from any identified source of emission. Clearly higher 
concentrations of potassium and manganese are seen in the two first spots, representing the 
inner bark. The concentrations of zinc were also 3-4 times higher in these two spots than in 
the rest of the bark scanned. Concentrations of Fe varied strongly through the whole of the 
bark. The same is valid for calcium and manganese. The concentrations of these two elements 
show a similar pattern in the outer bark. Calcium is known to occur mainly as the oxalate in 
bark (Kozlowski and Pallardy 1997). The similar concentration profiles for these two 
elements in Fig. 21 suggest co-precipitation of manganese. 
 
The concentration profiles in Fig. 22 were obtained from a scan across bark from a 25 year 
old pine tree that grew at a distance of 600 m from a metal plant (supporting paper 11).  The 
profiles show that the highest enrichment of all the three heavy metals is in the mid section of 
the outer bark. Less than 1 mm of the 8 mm thick bark sample from this polluted site was 
inner bark. 
 
 
Figure 22. Elemental concentration profiles for a pine bark sample from a site at 600 m from the zinc 
plant in Yxpihlaja, Kokkola (supporting paper 11). The point scan is started from the inner bark (first 
spot, left) 
 
 
Results from analyses of the inner and the outer bark of a pine bark sample from Turku are 
presented in Table 9. To obtain results representative of a larger amount of the inner and the 
outer bark respectively, the two bark layers were separated and dry ashed at 550 °C. The two 
ashes were homogenised by shaking and analysed with PIXE. 
 
 It can be seen that the concentrations of most elements are about the same in the inner and the 
outer bark, and the ratio between these concentrations have values close to 1 (Table 9). The 
concentration of manganese was somewhat higher in the inner bark, but clearly the largest 
differences were seen for potassium and phosphorus. In the sample studied the concentrations 
of these two elements were an order higher in the inner than in the outer bark. The bulk 
concentration of calcium in the inner bark was lower than the bulk concentration of calcium in 
outer bark of this specific sample. The concentrations of elements were generally  in line with 
the concentrations obtained from analyses of a larger number of samples of whole bark of 
pine (Table 15, paper VI), and can on this basis be considered to represent normal 
background concentrations. 
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Table 9. Ash content (%) and elemental concentrations (mg/kg) in inner and outer bark of a pine bark 
sample from Turku (paper VI). Ratios between the concentrations in inner and outer bark are also 
included.  The mean values in the table are concentrations obtained from analyses of a larger amount of 
samples of whole bark of pine (n= 21, table 15 in paper VI). All concentrations are given as mg/kg of dry 
bark. 
Element inner outer inner/outer Mean ±RSD [%]
Ash [%] 2.33 0.929 2.5 2.03 58
P 408 23.8 17 482 89
S 258 81.9 3.2 834 69
K 2350 191 12 2147 86
Ca 2750 4270 0.64 7938 63
Mn 252 94.3 2.7 216 116
Fe 74.6 84.2 0.89 102 101
Ni 0.92 0.51 1.8 1.2 79
Cu 3.37 3.19 1.1 3.2 30
Zn 33.8 19.2 1.8 32 78  
 
Lövestam et al. (1990b) performed a radial scan across the outermost wood and the bark of a 
Scots pine, using PIXE, presenting concentration profiles for Cl, K, Cu, Ca, Mn and Zn. All 
profiles except that for (the anionic) chlorine showed a clear increase in concentrations 
passing from wood to bark. Distributions of the elements were relatively uniform within the 
bark. For Cl and Cu higher concentrations were seen for the outermost part of the bark (no 
information concerning the sampling site was given). Raunemaa and co workers (1987) 
performed a scan across pine bark from a non polluted site (Salpausselkä). They found an 
increasing trend outwards for Ca, Mn and Fe. For elements like Cl, S, K, Ni, Cu and Zn no 
trends were seen. 
 
The studies mentioned above (Raunemaa et al. 1987, Lövestam et al. 1990b) and the 
concentration profiles presented in Figs 21 and 22 in this thesis, suggest that the sampling, or 
more specifically the thickness of the bark layer taken for analysis, can be critical and 
strongly affect the result of a study aiming at monitoring atmospheric pollution. The (bulk) 
analyses of pine, spruce as well as birch bark in the present work are for the whole bark, i.e. 
all layers of the bark are included. The bark samples were from the lower end of stems. In the 
case of especially pine, this means that the cork bark layer is thicker, with more cracks. This 
should mean that sorption of inorganic pollution from a downwards stem flow is greater.   
 
 
 
 
 
 
 
 
 
 
 
 
 47 
3.6. Bulk analyses of stem wood and bark 
 
In the following section, results obtained from bulk analyses of stem bark and wood are 
discussed. Sectors of wood to be analysed were sampled from discs to take variations in radial 
distributions of the elements into consideration. Whole bark was sampled consistently due to 
the large variations in the distribution of elements observed within bark. The elemental 
concentrations reported are thus also representative for the bark obtained from debarking of 
logs for pulping.  
 
Samples were dry ashed at 550 °C and the ashes shaken to eliminate the effects of the 
inhomogeneities shown already at mm-scale. The enrichment obtained through dry ashing 
also enabled quantification of the concentrations of some metals present at trace element 
levels. For example, copper and iron could be quantified in all wood and bark samples 
analysed. 
 
Variations in elemental contents of stemwood and stembark with harvest season were shown 
to be moderate by Werkelin (2008). Most samples analysed in this thesis were taken in 
connection with logging, normally during winter.  The trees sampled were, thus, mature and 
healthy individuals, growing in forests. The fact that the trees were growing in a forest also 
means that the soil had a full vegetation cover. This cover effectively prevents the dispersion 
of soil particles or dust that could easily be incorporated into a cork bark layer on, e.g., a 
Scots pine 
 
Pieces of log were cut off from the lower end of straight and symmetric trees, above the 
stump. The knot-free disc, from which material was taken for sample preparation, was cut 
from the thinner end of the piece of log. The wood and bark analysed thus was from about 
0.5-1 m above the ground level in the forest.  
 
 
3.6.1. Bulk analyses of stem wood and bark of pine and spruce trees exposed to 
atmospheric pollution 
 
3.6.1.1. Pine stem wood and bark 
 
In paper V sectors of pine wood, as well as the bark outside these sectors, were analysed.  
The samples were from three different areas: the island of Nagu (Turku archipelago), 
Ostrobothnia (mid-western Finland) and Harjavalta (south-western Finland). Discs of 3 pines 
from Nagu and 8 pines from 4 different sites in Ostrobothnia were included in the study. The 
3 discs of pine stem wood from Harjavalta were from trees growing 6 km northeast of the 
local copper-nickel smelter. Until 1989 the smelter was neighboured by a fertilizer factory, 
which was estimated to emit 1 ton of phosphorus annually (Derome and Nieminen 1998) 
 
From the results summarized in Table 10, it can be seen that the elemental concentrations in 
bark vary strongly for the bark samples from the different areas. The ash contents and 
elemental concentrations of pine barks from Ostrobothnia are generally higher than for the 
bark samples from, for example, the Turku archipelago. (Nagu). A pollution factor (Pöykiö et 
al. 2005), also named bioindication index (Schulz et al. 1999), is often determined as the ratio 
between  metal concentrations found in bark samples from an area studied and those in 
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samples from a selected background site, assumed to be unpolluted.. Comparing the higher 
concentrations of manganese and iron in pine barks samples from Ostrobothnia to those 
obtained for samples from Nagu, pollution factors of around 14 and 5, respectively, are 
obtained.  
 
 
Table 10. Ash contents (%) and elemental concentrations in the bark and the wood of pine stems 
(paper V). The three groups of pine trees were from an area of 1 ha on the island of Nagu, from 
different sites in Ostrobothnia (mid-western Finland), and from a spot at 6 km from the copper-nickel 
smelter at Harjavalta. a = the mean of the ratios between the concentration in the bark and the 
concentration in the underlying wood of the discs of pine stem wood. b) = the same ratio for the 
concentrations in the corresponding ashes. All elemental concentrations are in mg/kg of dry bark and 
wood respectively. 
Nagu Ostrobotnia Harjavalta
Element bark wood a b bark wood a b bark wood a b
Ash [%] 1.31 0.27 4.9 3.04 0.33 9.2 0.92 0.23 4.0
P 382 112 3.4 0.7 746 58 13 1.4 164 64 2.6 0.6
S 345 111 3.1 0.6 853 62 14 1.5 329 84 3.9 1.0
K 1610 620 2.6 0.5 3170 596 5.3 0.6 651 448 1.5 0.4
Ca 7230 689 10 2.1 12700 789 16 1.7 4460 487 9.2 2.3
Mn 31 32 1.0 0.2 432 83 5.2 0.6 71 58 1.2 0.3
Fe 33 9.7 3.4 0.7 162 12.9 13 1.3 147 1.9 77 20
Ni 0.60 0.21 2.9 0.6 1.71 0.13 13 1.4 18 0.34 53 14
Cu 3.5 0.59 5.9 1.2 3.4 0.86 4.0 0.4 89 0.96 93 23
Zn 15.0 11.7 1.3 0.3 45 5.6 8.0 0.9 43.3 7.8 5.6 1.4
Rb 10.9 3.8 2.9 0.6 19.5 2.4 8.1 0.9 1.6 1.0 1.6 0.4
Sr 12.3 2.8 4.4 0.9 22.0 2.9 7.6 0.8 8.9 1.4 6.4 1.6
Pb 1.0 0.10 10 2.1 9.1 0.08 114 28  
 
 
 
The elemental content of a pine bark sheet can be related to the availability of different 
nutrients and elements at the time of its formation (Raunemaa et al. 1987). The availability of 
the elements from the soil, as well as local climate conditions, will thus affect the elemental 
composition of the bark. An attempt to take these facts into consideration in the monitoring of 
atmospheric pollution, using pine bark as an indicator, was done in paper V by:  
a) comparing the concentration of an element in the bark to that in the underlying wood, and by 
b) doing this comparison using the concentrations in the dry ashed materials.  
 
The ratio between the concentration in bark ash and the concentration in wood ash was close 
to 1 for most elements (table 10). Or, to put it simple, dry-ashing of the bark and the 
underlying wood generated ashes, with basically similar concentrations of the elements. 
Ratios were generally the highest, or around 2, for calcium at all sites sampled. The 
exceptions were for some metals in samples from Harjavalta. The concentrations of nickel, 
iron, copper and lead were found to be 14 to 28 times higher in bark ash than in wood ash of 
pine from this site. According to Kiikkilä (2003), the total load of metals to the environment 
from Cu-Ni smelter at Harjavalta was the highest in 1987, with annual emissions of: 140 tons 
of copper, 96 tons of nickel, 162 tons of zinc and 94 tons of lead.  Since then, technical 
modifications at the smelter have decreased the emissions considerably. In the year 1994 (the 
year when the pines at Harjavalta were sampled) the annual emissions had dropped to 40 tons 
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(Cu), 6 tons (Ni), 6 tons (Zn) and 3 tons (Pb) respectively. The high ratios between elemental 
concentrations in bark ash and wood ash of the Harjavalta samples (Table 10), verify that the 
high concentrations of the elements in bark are almost exclusively from the Cu-Ni-plant, still 
at 6 km distance from the point source of emission. No indication of atmospheric pollution by 
zinc was obtained at this distance from the point source. 
 
As pointed out earlier, the concentrations of manganese were clearly higher in the pine bark 
samples from the region of Ostrobothnia (Table 10) than in the pine bark samples from, e.g.,  
the Turku archipelago (Nagu). However, the ratio between the concentration in dry ashed bark 
and dry ashed wood had a value close to 1 also for this element (0.6, Table 10). This example 
illustrates how an elevated concentration of an inorganic element in a bark sample, comparing 
to concentrations in bark samples from a selected background site, could be explained by: 
1. A higher bioavailability of the element from the soil. In the above case the 
concentrations of Mn are also the highest in the stem wood of pine trees from 
Ostrobothnia (Table 10) 
2. A generally more efficient transport of the inorganic element in sap water to the stem 
surface and the bark forming region. The stembark/stemwood ratios for ash contents 
are clearly higher (around 9) for the pine trees from Ostrobothnia in table 10.  
 
 
 
3.6.1.2. Spruce stem wood and bark 
 
Results from analyses of bark and wood of spruce trees are presented in Table 11. Pieces of 
logs were delivered from Harjavalta (8 pieces), Nagu (7) and Ostrobothnia (12). In some 
cases only the wood of the disc of spruce log was analysed.  
 
The samples of bark and wood from Nagu were from 7 trees, growing within an area of 1 ha. 
The samples from Harjavalta were from trees that had grown at distances of 2-6 km from the 
copper-nickel smelter. The Ostrobothnian samples (paper IV) were from four different sites: 
Kronoby, Piippola, Pyhäjärvi and Vimpeli. 
 
Comparing the results for wood from the different areas it can be seen that the elemental 
concentrations are generally of the same level. Variations in elemental concentrations are 
equally large for the samples from Nagu, where the trees sampled were growing within an 
area of 1 ha, as for the samples from the two other areas. The concentrations of phosphorus 
are low in many of the wood samples from Harjavalta (Table 11a), and could be quantified in 
only 5 out of the 8 samples analysed. The potassium concentrations are generally higher in the 
spruce wood samples from Harjavalta, but the variations between individual trees are very 
large.  
 
Copper could be quantified in all bark and wood samples analysed. Concentrations of copper 
were found to be somewhat higher in spruce wood from Harjavalta. The mean concentration 
was, however, within the ranges given by the standard deviations for copper in spruce wood 
from the other areas. Nickel was found at quantifiable levels in all the spruce wood samples 
from Harjavalta, and the concentrations were also somewhat higher than those quantified in 
some of the wood samples from the other areas.  
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Table 11. Ash contents and elemental concentrations in a) wood, and b) bark of spruces felled at 2-6 
km from the copper-nickel smelter at Harjavalta, as well as of spruces from Nagu and from the region of 
Ostrobothnia. In c) the ratios between concentrations in bark and wood are calculated both for the 
biological and the dry ashed materials. All elemental concentrations are in mg/kg of dry wood or bark. 
a) wood Harjavalta Nagu Ostrobotnia
Average RSD[%] n Average RSD[%] n Average RSD[%] n
Ash [%] 0.536 57.0 8 0.496 47 7 0.343 42 12
P 30.3 50.3 5 130 110 6 95.5 47 11
S 84.5 30.8 6 127 68 7 96.2 41 9
K 1820 94.5 8 1380 56 7 780 29 12
Ca 994 31.8 8 1290 29 7 879 54 12
Mn 76.3 43.2 7 62.9 34 7 97.9 39 12
Fe 4.10 40.7 8 22.2 75 7 5.57 105 12
Ni 0.52 84.4 8 0.39 96 4 0.28 79 6
Cu 1.22 36.1 8 1.00 40 7 0.81 19 12
Zn 14.9 53.3 8 11.3 31 7 7.36 31 12
Pb 0.28 42.3 8 0.55 44 7 0.17 50 3
Rb 4.52 40.1 8 6.3 80 7 3.33 51 12
Sr 5.81 22.0 8 7.7 39 7 6.22 44 12
b) bark Harjavalta Nagu Ostrobotnia
Average RSD[%] n Average RSD[%] n Average RSD[%] n
Ash [%] 2.14 20 6 3.42 28 7 3.02 78 6
P 531 41 5 1000 61 5 1070 30 6
S 754 22 6 948 38 7 1110 23 6
K 2280 51 6 6430 61 7 5200 26 6
Ca 9530 32 6 16300 29 7 17600 22 6
Mn 221 58 6 249 48 7 971 46 6
Fe 251 85 6 53.4 80 7 104 38 6
Ni 23.7 29 6 2.21 22 2 2.88 58 6
Cu 96.4 79 6 4.34 42 7 5.16 16 6
Zn 107.0 28 6 91.8 34 7 152 38 6
Pb 17.7 133 6 3.16 35 3 1.35 7 3
Rb 8.26 71 6 29.0 77 7 29 37 6
Sr 21.8 36 6 44.2 36 7 60.6 30 6
c) quotients Harjavalta Nagu Ostrobotnia
bark / bark ash / bark / bark ash / bark / bark ash /
wood wood ash wood wood ash wood wood ash
Ash [%] 4.0 6.9 8.8
P 18 4.4 7.7 1.1 11 1.3
S 8.9 2.2 7.5 1.1 12 1.3
K 1.3 0.31 4.7 0.68 6.7 0.8
Ca 9.6 2.4 13 1.8 20 2.3
Mn 2.9 0.73 4.0 0.57 9.9 1.1
Fe 61 15 2.4 0.35 19 2.1
Ni 46 11 5.7 0.82 10 1.2
Cu 79 20 4.4 0.63 6.4 0.72
Zn 7.2 1.8 8.1 1.2 21 2.3
Pb 64 16 5.7 0.83 8.0 0.91
Rb 1.8 0.46 4.6 0.67 8.7 0.99
Sr 3.7 0.94 5.7 0.83 9.7 1.1  
 
 
The enrichment of inorganic elements in bark is quite different for the three areas. As seen 
from the bark/wood-ratios in Table 11c, ash contents are from 4 (Harjavalta) to 9 times 
(Ostrobothnia) higher in the bark than in the stem wood of spruces. Similar regional 
differences were also earlier seen for pine trees in Table 10, the enrichment from wood to 
bark was the strongest at Ostrobothnia.  
 
As for pine, the largest enrichment from wood to bark is seen for the element calcium also in 
the case of spruce. The concentrations of Ca were 1.8 (Nagu) to 2.4 (Harjavalta) times higher 
in bark ash than in wood ash of spruce (Table 11c).  
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Comparing spruce bark samples from different regions in Table 11b it can be seen that the 
clearly highest concentrations of manganese are seen for the samples from Ostrobothnia – 
which was also the case for pine bark (Table 10).  Also these high concentrations of 
manganese are explained by a large uptake via the roots and a strong, general enrichment of 
inorganic elements from wood to bark. By dividing the concentration of the element in bark 
ash, with that in wood ash, a quotient of 1.1 is obtained for the spruces from Ostrobothnia 
(Table 11c).  
 
From Table 11c it is also seen that for samples from Harjavalta, the ashes of spruce bark 
contained on average 11-20 times higher concentrations of Ni, Fe, Pb and Cu than the ashes 
of the wood.  The high concentrations of these metals in the bark samples are thus shown to 
be almost exclusively from atmospheric deposition on the tree.   
 
 
 
3.6.1.3. Analysing bark and wood for environmental monitoring purposes 
 
The contents of inorganic elements in a stem of a tree are almost completely from ions taken 
up in the tree via the root system (Kozlowski and Pallardy 1997, Martin et al. 2006, 
Watmough and Hutchinson 2003, Watmough et al. 1999)). Some mineral elements absorbed 
by leaves and bark have been shown to reach the phloem of the tree (Kozlowski and Pallardy 
1997). Watmough et al. (1999) studied uptake of zinc and lead via foliage and found it 
unlikely that this could be a major pathway of metal accumulation in xylem. The studies on 
uptake through tree bark by Watmough and Hutchinson (2003) showed that lead and 
cadmium could enter wood through bark under conditions found in heavy pollution areas, but 
concluded that: “this route of uptake is only of minor importance compared with uptake of Pb 
and Cd from soil”.  
 
As earlier mentioned, transpiration from the foliage is the driving force that maintains further 
transport of the inorganic elements from the root up the stem (Kozlowski and Pallardy 1997). 
This means that duration of sun light, humidity, mean temperature etc. are factors that will 
affect the amounts of an element available for the different compartments of a tree growing at 
a specific site (Martin et al. 2006). 
 
Martin et al. (2006) noted that the metal content of forest soil is highly variable over small 
distances, and that individual trees show highly different response because of varying small-
scale (near-tree) conditions. Large between-tree variations in metal contents were ascribed to 
individual trees experiencing different micro-environments. The bioavailability of elements 
from the soil is dependent on a multitude of factors including soil pH, pE (redox conditions), 
water availability, mineral and organic content, fungi etc. (Kozlowski and Pallardy 1997, 
Martin et al. 2006).  Garbe-Schönberg et al. (1997) also concluded that trees behave rather 
individualistically in their heavy metal uptake. In their study they found that levels of copper 
in birch and pine wood from two sites were similar even if the metal levels in the soil at the 
sites varied by a factor of 1000. The near-tree soil conditions thus have decisive influence on 
how varying concentrations of an element in the soil are reflected in the concentrations of the 
element in the wood of trees growing at the site.  
 
Barks, and especially pine bark, has been used for monitoring of emissions of metal pollution 
to the atmosphere. In this kind of monitoring, the concentrations obtained from analyses of 
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bark samples from an area studied are generally evaluated by comparing them to results 
obtained for bark samples from background sites.  
 
According to Pacheco and Freitas (2004) the use of lichen has been favoured above the use of 
tree bark in the monitoring of airborne contaminant, because of the expected effects related to 
root uptake of soil constituents on the latter. Based on results in the present thesis it can be 
recommended to analyse both bark and wood in environmental monitoring studies, preferably 
in connection with forest felling. This makes it possible to compare the elemental 
concentration in the stem bark to the concentration of this element in the wood on which the 
bark was developed. Ratios between the elemental concentrations in bark and wood, involve a 
normalisation for differences in bioavailability of the element from the soil at the sites where 
the trees have been growing.  
 
If ratios between concentrations in the dry ashed materials are calculated, a normalisation is 
obtained also for the “general”, and locally different, enrichment of inorganic elements from 
wood to bark. From Tables 10 and 11 it can be seen that: 
• For samples from Harjavalta, the ash contents were, on average, 4 times higher in the 
stem bark than in the stem wood of both pine and spruce trees. 
• For samples from Nagu, the ratios between ash contents of stem bark and stem wood 
were around 5 for pine, and around 7 for spruce trees. 
• For samples from Ostrobothnia (mid-western Finland), the ratios were around 9 for 
both pine spruce. 
 
Although there is a large enrichment of inorganic elements going from wood to bark, the 
concentrations of the elements in the ashes of respective material are mostly very similar. 
Considering analyses of dry ashed bark and wood for monitoring of atmospheric pollution, an 
upper limit seems to be set by calcium. The ratio between the concentration of Ca in bark ash 
and wood ash is around 2 for both pine and spruce. This ratio is generally the highest obtained 
for any element, when trees are from areas not exposed to any identified source of 
atmospheric pollution.  
 
 
 
3.6.2. Elemental concentrations in stem wood and bark of pine, spruce and birch 
from unpolluted sites 
 
The results from bulk analyses of stem wood and (whole) bark in papers III-V, and other 
earlier unpublished results are, summarised and evaluated in paper VI. Some of the main 
findings will be given in the following.  
 
The compiled results from analyses of bark and wood from areas not affected by any 
identified source of environmental pollution are given in Table 12.  The bark and wood 
samples analysed were from the same discs of trees but, in some cases, only the wood or the 
bark of a disc was analyzed. The samples were from a large number of different sites (islands, 
coastal and inland areas etc) and the relative standard deviations (RSDs) are large. The total 
of over 160 analyzed samples included in Table 12 give mean values that can serve as 
guideline values for concentrations to be expected in bark and wood of pine, spruce and birch.  
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Table 12. Results from PIXE analyses of stem bark and wood of the main tree species in Finland (Table 
15, paper VI). Only elements present at quantifiable concentrations in all samples are included. The 
results are complemented with concentrations for Na, Mg and Al, obtained from Particle Induced 
Gamma Emission (PIGE) analyses (supporting paper 10) of pine (n=1) and spruce wood (n=7). All 
elemental concentrations are in mg/kg of dry material. 
Pine Spruce Birch
Element  bark (n=21) wood (n=37)  bark (n=25) wood (n=36)  Bark (n=23) Wood (n=21)
Mean RSD Mean RSD Mean RSD Mean RSD Mean RSD Mean RSD
Ash [%] 2.03 58 0.304 18 3.85 40 0.422 46 1.76 38 0.328 32
P 482 89 76.1 59 853 46 80.7 93 295 85 145 51
S 834 69 92.0 40 1029 28 95.3 52 479 66 135 48
K 2147 86 625 35 5005 49 1121 85 2080 90 707 37
Ca 7938 63 752 26 19616 37 1016 38 6690 54 762 66
Mn 216 116 61.4 50 387 78 69.9 55 242 93 69.2 122
Fe 102 101 9.15 118 73.0 56 7.76 137 40.3 119 7.75 121
Cu 3.17 30 0.90 30 4.5 30 0.91 39 3.95 75 0.976 42
Zn 32.2 78 7.27 52 148 41 9.65 54 227 74 28.3 61
Rb 11.7 125 2.05 71 17.3 101 3.52 89 8.3 143 2.89 74
Sr 13.6 60 3.12 57 71.7 56 6.87 37 21.7 72 4.94 40
Na 28.7 8.2 64.0
Mg 86.0 108.0 36.0
Al 3.1 6.7 40.0  
 
Concentrations in ashes obtained from dry ashing of the materials presented in Table 12 are 
given in Table 13. The most striking in Table 13 is perhaps the very similar elemental 
concentrations in ashes of bark and wood, irrespective of the tree species. The ratios between 
concentrations in ashes of bark and wood in Table 13 are close to 1 for most elements, which 
means that the elements are enriched proportionally from wood to bark.  
 
As also seen earlier, dividing the concentration of an element in the bark ash with that in the 
wood ash the highest ratio is generally obtained for calcium (2.1 for spruce in Table 13). 
According to Kozlowski and Pallardy (1997) surplus of Ca often accumulates as calcium 
oxalate crystals in cell vacuoles in leaves and woody tissue. High concentrations of calcium in 
bark have generally been attributed to the presence of calciumoxalate crystals (Fengel and 
Wegener 1984). 
 
The lowest bark/wood ratio in Table 13 is generally seen for potassium. This could at least 
partly be related to poor binding capacity for this monovalent cation in the bark, and the fact 
that alkali metal ions form easily soluble salts.    
 
Table 13 Elemental concentrations in ashes of the bark and wood samples presented in Table 12. All 
concentrations are given as g/kg of ash. The columns of values headed bark/wood give the ratios 
between the elemental concentrations in ashes of bark and wood.  
ashes of pine ashes of spruce ashes of birch
Element  bark wood bark/wood bark wood bark/wood bark wood bark/wood
P 23.8 25.0 0.95 22.2 19.1 1.2 16.8 44.3 0.38
S 41.1 30.3 1.40 26.7 22.6 1.2 27.2 41.2 0.66
K 106 205 0.51 130 266 0.49 118 215 0.55
Ca 391 247 1.60 510 241 2.1 380 232 1.6
Mn 10.6 20.2 0.53 10.0 16.6 0.61 13.8 21.1 0.65
Fe 5.02 3.01 1.70 1.90 1.84 1.0 2.29 2.36 0.97
Cu 0.16 0.29 0.53 0.12 0.22 0.55 0.22 0.30 0.75
Zn 1.59 2.39 0.66 3.86 2.29 1.7 12.9 8.62 1.5
Rb 0.58 0.68 0.85 0.45 0.84 0.54 0.47 0.88 0.54
Sr 0.67 1.03 0.66 1.86 1.63 1.1 1.23 1.51 0.82
Na 9.44 1.94
Mg 28.3 25.6
Al 1.02 1.59  
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As stated earlier, the differences between concentrations of an element in individual trees can 
be quite large. From the larger number of samples, from unpolluted sites, analysed for tables 
12 and 13, some general conclusions can, however, be made: 
• The elemental concentrations are very similar in the wood ashes of all tree species 
(Table 13). Similar concentrations were also seen for dry ashed eucalyptus wood in 
paper IV. The only clear exception is zinc in birch. Zinc is present in much higher 
concentrations both in wood and bark of this tree species. The special selectivity for 
uptake of zinc by the root system of birch is well illustrated by comparing 
concentrations in ashes of wood of different tree species as in paper IV.  
• Inorganic elements can occur in up to around an order higher concentrations in the 
bark than in the wood of the stem (table 12). As established earlier (Tables 10 and 11 
of section 3.6.1.), the general enrichment from wood to bark can be expressed by a 
ratio between the ash content of the stem bark and the stem wood, which is largely 
different between sites. The elemental compositions of the bark and the wood ashes in 
table 13 are, however, very similar. No strong selectivity for any element is thus seen 
in the formation of bark.  The concentration of Ca in bark ash is about 2 times higher 
than the concentration of the element in the ash of the wood. This ratio of about 2 for 
calcium is in general the highest obtained for any element, when samples are from 
sites not exposed to any atmospheric pollution.  
• The elemental concentrations in Table 13 represent a potential composition of 
elements in a total ash from combustion of the bio fuels. This composition reflects the 
uptake of the ions by trees, and the ash could thus favourably be used as fertiliser in, 
for example, forests. The bark has been said to amount to 10-20 % of a trunk (Fengel 
and Wegener 1984). As the ash contents are up to 9 times higher in bark than in 
wood, recycling of the bark ash could compensate for most of the inorganic element 
removed during logging. However, the possibility of high concentrations of heavy 
metals in bark is one aspect that should be considered. For the areas studied (Fig. 8 on 
page 27) this should be a problem only for bark from an area around the copper-
nickel smelter at Harjavalta as well as from close to the zinc plant at Yxpihlaja, 
Kokkola (paper VI). Another consideration is the fact that the concentrations of 
calcium and potassium in the ashes of wood are close to identical, the Ca: K ratio is 1 
(table 13). In ashes of bark, however, the Ca: K ratio is 4. Fertilising trees using ashes 
of tree bark could thus give a too high an input of Ca compared to the input of K. In 
pine needles, and a cone analysed, the concentrations of potassium were generally 
high, and higher than the concentrations of calcium (Table 11 in paper VI).  
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4. SUMMARY AND CONCLUDING REMARKS 
 
Instrumentation for in-air PIXE (Particle Induce X-ray Emission spectrometry) analysis of 
thick solid samples has been developed at ¯bo Akademi University. The samples were 
irradiated in air with 3 MeV protons from the MGC-20 cyclotron at the university. The 
particle beam was collimated to a diameter of 1 mm before extraction out of the vacuum 
system. A photomultiplier (PM) tube detected light emitted from the beam path between the 
beam exit window and the sample surface during proton irradiation. The integrated current 
from the PM tube during data acquisition was used for normalisation of the element specific 
yields, i.e. the peak areas in the accumulated spectrum. The set-up enabled quantitative multi-
element analysis of solid wood materials, as well as the ashes of them. The quantification of 
the analyses was based on the use of biological certified reference materials (CRMs).  
 
Data on concentrations of inorganic components in stem wood and bark of trees are relatively 
limited. Published data on the distribution of elements within these materials are often also 
contradictory. In this thesis results from analyses of stem bark and stem wood of Scots pine, 
Norway spruce and Silver birch are presented. The trees sampled were growing in south-
western and mid-western Finland. 
 
The set-up used in the PIXE analyses enables determination of elemental distributions on a 
millimetre-scale. Point scans on bark and wood samples were performed. Both bark and wood 
are heterogeneous materials. In bulk analysis, quite large amounts of these materials must 
therefore be properly homogenised to obtain elemental concentrations representative of the 
materials. Many (trace) elements are present at low concentration levels, which also puts 
demands on the sensitivity of the method. In this thesis, bulk analyses of stem bark and wood 
were performed by dry ashing the samples at 550 C in prior to the PIXE analysis. The ashes 
were homogenised by shaking and prepared to target pellets for irradiation. The ash contents 
of, for example, wood samples were in the range 0.2-0.4 %, which meant that a large 
enrichment of the inorganic elements was obtained in the ashing procedure. By the direct 
analysis of the dry ashed materials, clearly lower detection limits were reached, which 
enabled quantitative determinations of some additional elements occurring at trace element 
level in the biological materials. The ash contents obtained from the dry ashing were also of 
importance in the evaluation of the results obtained from the analyses of bark.  
 
The point scans performed revealed large variations of elemental concentrations in both stem 
bark and stem wood. When pine wood was scanned outwards, starting from the pith, the 
clearly highest concentrations of manganese, calcium and zinc were found in the first spot 
irradiated. The concentrations of these elements were from 2 (manganese) to over 3 (zinc) 
times higher in the pith than in the surrounding heartwood. For stem wood from the crown 
part of a pine, similar high concentrations were found in the first four spots (millimetres) of 
the scan, including the pith and the two following annual growth rings.   
 
The lowest concentrations of zinc in a disc of pine stem wood were found in the innermost 
sapwood, i.e. the sapwood closest to the heartwood. Concentrations of zinc increased 
outwards in the sapwood towards the bark. An explanation for this finding could be a 
migration of zinc from sapwood being under transformation to heartwood. This kind of 
recycling of the element agrees with the role ascribed to zinc in woody plants as being a 
cofactor for RNA polymerase influencing protein synthesis.  
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The variations in elemental concentrations in heartwood were found to be small on the mm-
scale. Point scans across sapwood of pine and spruce, on the other hand, showed more distinct 
variation in concentrations. Higher concentrations of, e.g., zinc, calcium and manganese were 
found in earlywood than in the denser latewood. Very high concentrations of iron and copper 
were also found in some local spots in earlywood increments. All together, the results 
obtained from point analyses of stem wood gave an overall picture of zinc as a very important 
trace element at the initial stages of the wood formation processes. 
 
Barks, and especially pine bark, have been used for monitoring of emissions of metal 
pollution to the atmosphere. In published studies where pine bark is used, the concentrations 
in bark samples from monitored areas are usually compared to concentration obtained for bark 
samples from background sites.  
 
The bulk analyses of bark (whole bark, i.e. all layers of the bark were sampled) in this thesis 
showed large variations for both elemental concentrations and ash contents of bark samples 
from the different areas sampled. The concentration of manganese was 14 times higher in pine 
stem bark from Ostrobothnia (mid-western Finland) than in pine stem bark from the island of 
Nagu. For pine samples from both areas it was, however, found that the ashes of the bark and 
the wood of tree stems had very similar elemental compositions. For samples from all non-
polluted sites, the ratio between the concentration in the bark ash and the concentration in the 
wood ash had a value close to 1 for most elements. The highest ratio of around 2 was obtained 
for calcium, which actually was also the case for spruce and birch trees. Higher 
concentrations of plant available manganese in forest soil at Ostrobothnia was thus indicated 
by the above results for pine.  The concentrations of zinc in ashes of birch stem bark were 
manifold higher than in the ashes of pine or spruce stem bark. The same was, however, the 
case also for the stem wood, and the bark ash/wood ash concentration ratio for zinc had a 
value close to 1 also for birch. This fact points out the extraordinary capability for uptake of 
zinc by this deciduous tree.  
 
For pine trees sampled at 6 km from a copper-nickel smelter the ratios between bark ash and 
wood ash concentrations were high for Ni (ratio = 14), Fe (20), Cu (23) and Pb (28). For all 
other elements the ratio was less or equal to 2.3, the ratio obtained for calcium. The 
concentrations of copper were thus 23 times higher in ashes of the bark than in ashes of the 
wood of pine trees growing at this site. This confirms that basically all the copper in the pine 
bark originates from a direct atmospheric deposition, still at 6 km distance from the point 
source of emission.  
 
One of the motives for using tree bark in air monitoring surveys is that, for example, Scots 
pine is available over large areas. The conditions affecting uptake and transport of the 
inorganic elements within a tree will, however, vary between sites. Based on results presented 
in this thesis a different approach for monitoring of inorganic atmospheric pollution, using  
bark, is suggested, where discs of pine wood are cut from the lower end of pine trees, 
preferable in connection with forest felling.  The bark and the underlying stem wood of 
sectors of the discs are dry ashed and analysed separately (conveniently using PIXE applied 
as described in this thesis).  
 
A ratio between the concentrations of an element in the ash of the bark and in the ash of the 
wood, involves normalisation for two main circumstances. Firstly, the bioavailability of 
element from the soil can be quite different at sites where trees are growing. Secondly, there 
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is a general enrichment of inorganic elements from wood to bark (most easily expressed by 
the ratio between the ash contents) which is locally different. Already a ratio >2 could reveal 
that the element appears as an atmospheric pollutant, i.e. deposition from the air is a greater 
source for accumulation of the element in the bark than is the soil-root-stemwood route. No 
comparison to selected background sites (samples) is thus needed if the above strategy is 
applied.  
 
Knowledge of the elemental content of wood and other tree related materials has become of 
increasing interest in many areas during the last years. For example, input of heavy metal ions, 
with wood raw material, into pulping and paper processes has negative effects on bleaching 
chemicals. The increased use of wood based fuels also puts demand on the control of the heavy 
metal ion content in the fuel and the ashes generated in the combustion processes. In this thesis 
results from bulk analyses of a total of over 160 stem bark and wood samples are reported. The 
elements P, S, K, Ca, Mn, Fe, Cu, Zn, Rb and Sr were quantified in all samples. 
Complementary results obtained for Na, Mg and using Particle Induced Gamma Emission 
(PIGE) spectroscopy are also included. The presented concentration values may serve as 
guideline values for the elemental concentrations in bark and wood of logs of pine, spruce and 
birch.  
 
As the PIXE analyses of stem bark and wood were performed on the ashes, obtained after dry 
ashing at 550 ˚C, the ash contents could be reported together with the elemental contents. The 
concentrations in the dry ashed materials represent elemental concentrations of total ashes 
obtainable from combustion of the biofuel materials.  Knowledge of the chemical composition 
of the ashes is of great importance when considering the use of ashes as fertilisers, e.g., by 
recycling them back to the forest environment. 
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